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Chapter 1
Sructure of the User Guide

Road Map

Version 8.5

The OPERA-3d User Guide is structured into the following chapters.

| mplementation Notes

The OPERA-3d software can be used on both PCs and workstations, using a vari-
ety of operating systems Each has different ways in which the software should be
installed and run. This chapter outlines the differences between the systems as it
applies to running the software.

Program Philosophy

An overview is given about the underlying philosophy of the software - the fact
that models are created in either ageometric modeller or apre processor including
material definitions and mesh generation, and the computed results viewed and
processed in the post processor.

Getting Started

A large portion of the User Guide isin this section, where a detailed description
of how amodel is prepared and analysed is given. New users are encouraged to
spend some time going through this chapter, asit will answer many questionsthat
can otherwise arise when using the software.

OPERA-3d User Guide
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Chapter 1 - Structure of the User Guide

Geometric Modeller Features

The Getting Started chapter used a single worked exampl e to show the basic oper-
ation of the OPERA-3d suite. This chapter concentrates on the use of the
Modeller, with many simpleworked examplesillustrating the most important fea-
tures of this module.

Analysis Programs

A review of the analysis programs available in the OPERA-3d suite is given in
this chapter. In addition, some details are given on the finite element method and
accuracy of the method, along with detailed descriptions of the techniques used
in each solver.

Application Notes
This chapter contains anumber of useful techniquesthat can be used for perform-

ing various tasks. If aquestion arises asto how to use the software in a particular
way, this chapter should first be consulted in case an answer is presented.

Tutorials

A series of examples using the software isincluded. Each attemptsto highlight a
typical application using various analysis modules.

OPERA-3d User Guide
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Chapter 2

| mplementation Notes

UNIX Implementation

OpenGL Libraries

In order to run OPERA-3d pre and post processorsthe OpenGL run-timelibraries
must be present on the system. These are easily available on the standard operat-
ing system CDs or can be down-loaded from manufacturers web sites.

The table below shows the source of the libraries, along with the version of the
operating system used to compile the OPERA software.

Hardware Og/e;aét::g OpenGL Libraries

Compaqg Tru64 Unix 5.0 | Down-load from:
www.service.digital.com/open3d/
swps3x0.htm#KITS: True64UNIX

HP HP-UX 11.0 Install from CD “ Core OS Options: Graphics
and Technical Computing Software”

IBM AlX 4.3 OpenGL.GL32.rteis available on the AlX dis-
tribution CD

SGl IRIX 6.5 OpenGL is part of standard IRIX installation.

SUN Solaris 7 Install from CD “ Software Supplement for the
Solaris 7 Operating Environment”

Version 8.5
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Setting asingle
Commandtorun
OPERA

Graphics
Variables (Pre
Processor Only)

Chapter 2 - Implementation Notes

Environment Variables

A variable vEdir should be set to theinstallation directory (for example  /u/
vfopera). OPERA-2d and OPERA-3d, including all analysis programs are then
run as follows:

$vfdir/opera/dcl/opera.com $Svfdir

The directory name, $vEdir must be given as a parameter as shown above, so
that the lower level shell files can be accessed properly. The command should be
used in the definition of an alias (C-shell) or should be entered into an executable
file somewhere in your search path so that a single word can be typed to start the
software.

For example (C-shell):

Create an entry in $home/.cshrc:

alias opera ’'$vfdir/opera/dcl/opera.com $vidir’
For example (other shells):

Make sure your home directory is included in $path. Create an executable file
called $home/opera containing the one line:

$vfdir/opera/dcl/opera.com $vfdir

The environment variable VFGRAPHICS is used to set the output of the soft-
ware, wherethe optionsare SCREEN, FILE, BOTH or NONE. For normal oper-
ation, this should be set to SCREEN. The graphics software creates an initial
graphics window. There is a default size built into the programs, but this can be
over-ridden by environment variables, VFWINDOWW and VFWINDOWH,
which give the width and height of the window in pixels. If one of the environ-
ment variables does not exist or has a value out of range, a message giving the
valid range of valuesis printed and the default values are used.

The graphicswindow is positioned at the top |eft of the screen. Thusthe programs
should be started from a terminal window at the bottom of the screen. The size
and position of the graphics window can be adjusted using the window manager
functions available through the mouse buttons. Subsequent pictures are scaled to
fit the new window size.

OPERA-3d User Guide
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Post Processor The size and position of the program window can be adjusted using the window
and Moddller manager. The current settings can be saved using the menu item:
Windows |

Save Window Settings

Text and If the environment variable VFINV isset to INVERT, theinitial setting of text and
Background background colours will be black on white instead of the default of white on
black.

Starting the Software

This document assumes that the environment variables specific to OPERA have
been set as explained in the previous section. In most cases it is advisable to run
the programs from a suitable user directory rather than the directory containing
the Vector Fields software. Similarly, it is also advisable to run the software as a
“user” rather than as“ system manager” sincethis protects against accidental over
writing of files.

Hence, as a user from a suitable local directory, OPERA may be launched by
entering.—

opera
If both OPERA-2d and OPERA-3d are installed, then the system prompts for a
choice and, for example, OPERA-3d could be selected:—

2d or 3d processing or QUIT?

3d

(If only one of OPERA-3d or OPERA-2d is installed, then this choice is not
given).

Thisisfollowed by alist of options relating to processing environments and anal -
ysis modules available. For example, the pre processor could be selected:—
Option:

pre

If you have not set the display environment variablesin your system (see earlier)
then you are requested to select a method of graphics display. In this case select
the screen:—

Graphics options: SCREen, FILE, BOTH or NONE? >SCre

]
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Chapter 2 - Implementation Notes

A graphics window is then opened (in addition to the text window) and control
moves to the menu system. Access to the menu system isfrom the main menu bar
at the top of the graphics window.

The command to create the terminal window can be incorporated into the com-
mands to start the programs.

File Names and Extensions

Files created by the programs have extensions supplied by the programs. The
extensions are upper-case for upper-case file names and lower-case for |ower-case
file names. The file name extensions are as follows. Some file extensions are
common between 2d and 3d programs. For example .bh files.

.opc Modeller datafilesin SAT format

.opcb Binary Modeller datafilesincluding mesh
.oppre pre processor datafiles

.bh B-H datafiles

.cond conductor datafiles

.op3 analysis database files

.res log files created by analysis programs
.emit emitter files used for space charge problems
.comi command files

.tracks particle tracking files.

table table files

.ps postscript format graphicsfiles

.hgl hpgl format graphics files

.pic internal picture file format

Various log files are created during the running of the pre and post processor.
These are:

Opera3d_Modeller_n.Ip |All user input and program responses to and
from the modeller are recorded here

Opera3d_Moadeller_n.log|User input to the modeller is recorded here.

Opera3d Pre n.lp All user input and program responses to and
from the pre processor are recorded here

OPERA-3d User Guide
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Opera3d_Pre n.log User input to the pre processor isrecorded here.

Opera3d _Pre n.backup |A backup of the .oppre file. This is generated
continuously.

Opera3d_Post_n.Ip All user input and program responses to and
from the post processor are recorded here
Opera3d_Post_n.log User input to the post processor is recorded

here. These can be reused as input to the pro-
gram by converting to .comi files

The log files are stored in a sub-directory of the project folder opera_logs. The
file history is always retained. Each time the software is started, new log, Ip etc.
files are generated. Previous files are not over written. The history is retained by
attaching a number, n to thefiles. The value of n is chosen to be the lowest avail-
ableinteger not already in use. Thismay |ead to asituation where the lowest value
of n isnot necessarily the oldest file: for exampleif some older files were del eted,
those values of n are re-used | ater.

COMI Files

The .comi fileis a command file, that can be run using the $ COMINPUT com-
mand, or using File — Commands In menu. Thefileisatext file, that can be cre-
ated using a standard text editor, or copied from a.log file. The.comi files can also
be used to automatically start up the interactive programs. Each interactive pro-
gram always reads the appropriate .comi file on start up (although they are nor-
mally empty, the user can add commands if desired).

oppre.comi - The pre processor aways reads thisfirst.
opera.comi - The post processor always reads this first.
modeller.comi - The Modeller always reads this first.

BH Files

The directory $vfdir/bh contains sample BH data files for use with OPERA-3d
and OPERA-2d. The directory also includes an index bh.index.

Picture File Softwar e

The directory $vfdir/picout contains software for replaying picture (*.pic) files
created by the pre processor. It can be used to redisplay graphicsin apicture file
on the screen or to convert the file to Postscript or HPGL for printing. It is docu-
mented in the Reference Manuals under the DEVICE and DUMP commands.

]
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Program Sizes

Extensive use is made of dynamic memory in OPERA-3d. The size (number of
nodes/equations) of the analysis modules - TOSCA, SCALA, ELEKTRA,
SOPRANO and CARMEN - isonly limited by the available memory in the com-
puter. Thisis also true for the Modeller and the postprocessor. The pre processor
isthe only program that has a fixed limit, which has been set sufficiently largefor
most user models.

A larger size of the pre processor is availablein the directory $vfdir/opera/3d/pre.
To access it, remove (or rename) the file oppre and rename the file oppre_2mto
oppre. The larger size can create up to 2 million entities.

cd $vfdir/opera/3d/pre

mv oppre oppre_small
mv oppre_2m oppre

Swap space (Virtual Memory)

It should be noted that larger programs need larger amounts of memory. If phys-
ical memory is exceeded, swap space will be used instead. Excessive use of swap
space will degrade the relative performance of the programs for large problem
sizes.

Running OPERA off-line (Advanced Users)

It is sometimes beneficial to run the complete cycle of pre processing, anaysis
and post processing from a single command line script. It is particularly useful
when large amounts of post processing are required or when a repetitive post
processing task needs to be carried out. Users familiar with the Vector Fields
command language can use the off-line facility for modifying modeller or pre
processor files, running an analysis, post processing and then repeating the cycle
many times, all from one script.

An example of a C-shell script using the pre processor with comments is shown
below:
#!/bin/csh

# An example of 'Off line’ running OPERA-3d
# it is run by typing ’script’ which should be set as executable

# When the preprocessor is run it uses commands stored in a file
# oppre.comi (and similarly the post processor uses commands

# in opera.comi)

# VFGRAPHICS is set to none, so the graphics screen is disabled.

OPERA-3d User Guide
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# The commands are from the ’'Command language’ as defined in the
# reference manual

# START OF SCRIPT

# Set the environment variable responsible for saying what
# happens to graphics output - here we turn screen output off

setenv VFGRAPHICS none
setenv VFDIR S$Svfdir

# Removes old log and lp files
# files you wish to keep in this directory

rm force.op3
rm force.res
rm opera_logs/Opera3d_ *.*

unalias cp

# copy the commands in prel.comi to oppre.comi, which is
# automatically run when the pre processor starts

cp prel.comi oppre.comi

# prel.comi is a VF command script which could, for example
# read in a .oppre file and generate a .op3 database

# run the pre processor using the answers to questions stored
# in ‘runpre’

$vfdir/opera/dcl/opera.com $vfdir < runpre

# runpre contains for example:

# 3D

# PRE

#Q

# solve the problem (in this case the database was called

# 'force.op3’)

$vfdir/opera/3d/tosca/tosca force.op3

# copy the post processing commands to the post processor

# command file which is automatically run when the post processor
# is started

cp postl.comi opera.comi

# postl.comi is a VF command script which could, for example

# read in a .op3 file, calculate some forces and dump the results
# out to another file.

# run the post processor

$vfdir/opera/3d/post/opera

# remove the opera.comi and oppre.comi files, otherwise they
# would be called when the user launched the software for

]
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# normal operation

rm oppre.comi
rm opera.comi

# please note that when running in this fashion it is useful
# to place the command ’'S$comi mode=cont’ at the top of command

# files to stop the text window pausing when full.

Keyboard Entry In the OPERA-3d Modeller and post processor, data entry through the keyboard
isalso available. However, input isavailable at any time when the Consoleisdis-
played, while the Menus also remain active. The Console window can be viewed
by:

Windows |
View Console

Theinput line of the Console is at the bottom with the (OPERA-3d > prompt),
while the most recent commands are visible in the text window immediately
aboveit. Thetext window can be scrolled to see commands executed earlier onin
the session aswell, including those entered through the M enus. Text can be copied
and pasted from the text window into the Console input line or previous com-
mands can be accessed using the arrow at the end of the line.

The Console can be hidden again by:
Windows |

Hide Console

Normally, the Console is placed at the foot of the main graphics window - reduc-
ing the size of the graphical display alittle. Alternatively, the Console can “float”
on the screen by:

Windows |

Undock Console
allowing the full graphics window to be used for display of the geometry. The
Console can be returned to the bottom of the graphics window using
Windows |

Dock Console
Whatever choice the user prefers (Console visible or hidden / docked or
undocked) can be preserved for future Modeller sessions by:

Windows |
Save Windows Settings

|
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Windows I mplementation

Licensing

All OPERA software running on a PC requires a dongle security device to be
attached to one of the parallel ports on the back of the computer. Dongles are pro-
grammed at Vector Fieldsto allow licensed software to be run. If further licences
arelater purchased, Vector Fields can supply codes and instructions on how to re-
programme the dongle; a new dongle is not required. Most implementations use
the local (white) dongle which must be attached to the machine where the soft-
wareisto berun. It isalso possible to have network (red) dongles where the don-
gleisattached to aserver PC and other PCs on this network can then use OPERA.

In order for the dongleinstallation to work correctly the following stages must be
carried out depending on whether you have a local (white) dongle or a network
(red) dongle.

Local Dongle 1. Connect the dongleto the parallel port (connect to either port if thereis
more than one).

Install the latest version of OPERA.

When the install ation completes, the software will prompt you to install the
“dongle device driver”. All usersinstalling the software for the first time
should answer “yes’. On Windows NT systems, users must have adminis-
trator privilege to perform this function.

4. Utilitiesare provided on the CD and the OPERA console for checking don-
gle status, removing the device driver and installing the device driver. The
install and remove options can be run on NT only by users with Adminis-
trator privilege.

=

Network Dongle Connect the dongle to the parallel port of the server PC (connect to either
Server PC port if there is more than one).

2. Instal OPERA if required to run on the server PC. (If installing on the
server, answer Y ES to the question regarding installing the dongle device
driver and go to step 4).

3. Fromthe start-up screen of the OPERA CD, under network dongle utilities,
select “Install dongle device driver”. On Windows NT systems, users must
have administrator privilege to perform this function.

]
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4. From the same screen run “Install nethasp licence manager”. This utility
must be run on the server PC where the dongleis attached. Thiswill launch
the installation of a Nethasp license manager program. Select “typical
installation” and the manager should be activated automatically. Compre-
hensive on-line help is supplied.

A range of toolsis provided to help with configuring the network dongle. These
can be installed from the CD (under network dongle utilities).

Network Dongle- 1. Install the latest version of OPERA if required on the client PC.

Client PC 2.  Whentheinstallation completes, the software will prompt you to install the
“dongle device driver”. Thisis not necessary as the driversreside on the
server PC.

3. Start the OPERA console (see below) and select:

Options )
Licensing — Set Dongle Type — Network

Updating Licences

If licenses need to be updated (extra software is purchased for example), this can
be carried out by the user, and a new dongle is not required.

1. Start OPERA
2. From the main OPERA Console (see below) select:

Options )
Licensing — Update Dongle Licensing...

3. Select Read Codes From File and select the file containing the new codes.
Thefile should be in plain text format.

The OPERA Console
The OPERA Console is started from the menu bar as follows:

| Start — Programs — Vector Fields OPERA — OPERA 8.5

Alternatively the console can be started from the system icon tray.

|
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Click on the blue and white VF icon as shown here: .

The consoleisthe ‘navigation centre’ for the complete suite of OPERA software.
It allows the following operations:

e Setting of 2d and 3d project directories

» Launching the 2d and 3d pre and post processors

» Launching analyses and organising batch runs

» Viewing analysisresult log (.res) and emitter (.emit) files

e Changing the CPU priority for an analysis

» Listing and updating licensing

» Adjusting some windows parameters, including reversing the foreground and
background colours, adjusting the Graphics Window size and the Text IO his-
tory buffer.

All options will be shown in the console menus, but only licensed modules will
be available. Contact Vector Fields for licensing information. Using the mouse
right button on the system tray VF icon will bring up asimilar range of optionsto
those available on the menu bar.

When starting the 2d or 3d pre/post processors for the first time, a project folder
will be requested. This can be changed at any time, but you will not be prompted
when you subsequently start the software. This is the default folder in which
OPERA will be working.

Running OPERA Pre and Post Processing

OPERA-3d The OPERA-3d modeller is started from the console menu bar:
Modeller OPERA-3d |
Modeller

The project or working folder can be changed from the default:
OPERA-3d |
Change Project Folder — OPERA-3d ...

The dialogue box will then allow you to browse your computer’s folder structure
or enter a path name directly. A new folder name can be added if required.

]
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OPERA-3d Pre The OPERA-3d pre processor is started from the console menu bar:

Processor OPERA-3d |

Pre-Processor

The project or working folder can be changed from the default:

OPERA-3d |
Change Project Folder — OPERA-3d ...

The dialogue box will then allow you to browse your computer’s folder structure
or enter a path name directly. A new folder name can be added if required.

OPERA-3d Post The OPERA-3d post processor is started from the console menu bar:

Processor OPERA-3d |
Post-Processor
The project or working folder can be changed from the default:
OPERA-3d |
Change Project Folder — OPERA-3d ...
The dialogue box will then allow you to browse your computer’s folder structure
or enter a path name directly. A new folder name can be added if required.
Running OPERA Analysis M odules
I nteractive All the analysis options are now set in the pre processing. It is possible to run
Solutions interactive analyses directly from the modeller or pre processor. To interactively

run from the console menu bar, the OPERA-2D or OPERA-3D analysismodules
are accessed as follows:

OPERA-2d/3d |
Interactive Solution ...

The appropriate analysis module and .op2 or .op3 file are then selected

Once an analysisis started, awindow will appear indicating the various stages of
the solution process. When complete a Windows message will appear asking if
you wish to close the solver window. This gives you the opportunity to scroll
through the solution steps if you wish. Alternatively you can view the saved .res
file for similar information. It is usually a good idea to view the .res file as any

|
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run-time problems will have been listed here. Thefile is viewed with the default
editor (notepad) as follows.

File |
Display Res File ...

The default editor can be changed from the console menu:

Options )
Change Editor ...

Batch Solutions  Datacan be placed in batch files for later analysis. Many separate analyses can be
added to a batch file for overnight or weekend runsif required. To select afilefor
running in batch:

OPERA-2d/3d |
Add to batch queue ...

Once all the required files have been added, the batch file can be started:
Batch Process l

Start Batch Analysis ...

Optionsto clear or list the batch queue are also avail able under this menu item.

Running OPERA-3d off-line

A utility program called winbat.exe has been included with OPERA to allow the
automatic execution of analyses from simple command scripts. This removesthe
need to interact with the OPERA console if alarge number of analyses with post
processing need to be carried out. The program winbat.exe is run from a com-
mand/DOS prompt and requires the name of the file containing the command
script as a parameter. For example:

winbat.exe script.batch

The command script contains a series of commands, that use an identical syntax
to normal DOS batch commands. To see the syntax type help commandina
DOS window. The commands available are listed below:

copy, del, move, rem, dir, for, mkdir, rmdir, echo, cd,
set.

The e¢d and set commands are simple implementations only, without the full
features available.

]
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All standard executable files ending with the extension .exe, .bat and .com can be
executed from the script. Specifying the full path to the executable is advisable.

Paths or filenames that include spaces must be enclosed in quotes“ ™.

The program winbat.exe can be executed with a—n switch. Thiswill prevent the
compl etion message being displayed, and is useful if the winbat programiscalled
from within a script.

Example An example script to run the pre processor followed by TOSCA analysis module
and finally the post processor is shown below:

REM Set some variables
REM Set installation folder

| set VFBATCH=C:\program files\Vector Fields\opera 8.5
REM Set local folder
| set LOCALDIR=C:\opera\workl

REM Make sure we are in the correct working folder
cd %$LOCALDIR%
REM set the comi file for running the pre-processor
REM This file contains the commands necessary to
REM build the model
REM and create the new database file: mydata.op3
copy mypre3d.comi oppre.comi
REM launch the pre-processor
REM /local runs in current folder
REM /min runs iconised
"$VFBATCH%\pre\pre.exe" /local /min
REM Run the analysis on the OP3 file created by the
REM Pre-Processor command script

| "$VFBATCH%\solvers\3d\tosca.exe" "$LOCALDIR%\mydata3d.op3"
REM prepare the post-processing command file
copy mypost3d.comi opera.comi
REM launch the Post-processor
"$VFBATCH%\post\post.exe" /local /min
REM clear out the command input files and the op3 database.
del oppre.comi
del opera.comi
del mydata3d.op3

Please note that for users running Windows NT, 2000 and XP, it is not necessary
to use winbat.exe. Batch scripts as above can be run directly. If running directly
under NT, 2000 or XP the cd command should be replaced with cd /D

Text 1O Window

The OPERA pre processor alows for data entry via the keyboard. This is
achieved by selecting MENU OFF from the top menu bar. A text input window
promptsthe user to enter the appropriate commands. Thiswindow may be moved
or resized just like any other window. Its contents may be scrolled, either by using

|
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the scroll bar, or with the <up-arrow>, <down-arrow>, <page-up> and <page-
down> keys. If the prompt is out of sight, pressing the <return> or any other char-
acter will scroll the window back to the prompt.

The line currently being entered may be edited; the <Insert> key toggles between
overstrike and insert mode, with the cursor prompt changing to indicate the mode.
The <left-arrow>, <right-arrow>, <home> and <end> keys may be used to move
the cursor prompt. Deletion can be done with the <backspace> key.

Previous commands that have been executed may be re-selected by pressing
<shift up-arrow> or <shift down-arrow>. These commands can be edited as
described above and then re-issued with the <return> key.

The number of linesin the Text |O history buffer can be controlled using:

Options )
Window Preferences

and set the value of Message Screen History.

The Text 10 window can be hidden or ‘aways on top’ using the top (grey) menu
bar command:

View |
Console

Typing  (normally SHIFT+6) at the cursor prompt will restore control to the
menus.

In the OPERA-3d Modeller and post processor, data entry through the keyboard
isalso available. However, input isavailable at any time when the Consoleisdis-
played, while the Menus a so remain active. The Console window can be viewed

by:

Windows |
View Console

Theinput line of the Consoleis at the bottom with the (OPERA-3d > prompt),
while the most recent commands are visible in the text window immediately
aboveit. Thetext window can be scrolled to see commands executed earlier onin
the session aswell, including those entered through the M enus. Text can be copied
and pasted from the text window into the Console input line or previous com-
mands can be accessed using the arrow at the end of the line.
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The Console can be hidden again by:

Windows |
Hide Console

Normally, the Console is placed at the foot of the main graphics window - reduc-
ing the size of the graphical display alittle. Alternatively, the Console can “float”
on the screen by:

Windows |
Undock Console

allowing the full graphics window to be used for display of the geometry. The
Console can be returned to the bottom of the graphics window using

Windows |
Dock Console

Whatever choice the user prefers (Console visible or hidden / docked or
undocked) can be preserved for future Modeller sessions by:

Windows |
Save Windows Settings

File Names and Extensions

Files created by the programs have extensions supplied by the programs. The
extensions are upper-case for upper-case file names and lower-case for |ower-case
filenames. Thefile name extensions are asfollows. Somefile extensions are com-
mon between 2d and 3d programs. For example .bh files.

.opc Modeller datafilesin SAT format

.opcb Binary Modeller datafilesincluding mesh
.oppre pre processor datafiles

.bh B-H datafiles

.cond conductor data files

.0p3 anaysis database files

.res log files created by analysis programs

.emit emitter files used for space charge problems
.comi command files

.tracks particle tracking files

OPERA-3d User Guide
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table tablefiles

.ps postscript format graphicsfiles

.hgl hpgl format graphicsfiles

.pic internal picture format graphicsfiles

Various log files are created during the running of the pre and post processor.
These are:

Opera3d_Modeller_n.lp |All user input and program responses to and
from the modeller are recorded here

Opera3d_Modeller_n.log|User input to the modeller is recorded here.

Opera3d _Pre n.lp All user input and program responses to and
from the pre processor are recorded here.
Opera3d_Pre n.log User input to the pre processor is recorded here.

These can be reused as input to the program by
converting to .comi files.

Opera3d_Pre n.backup |A backup of the .oppre file. This is generated
continuously.

Opera3d Post_n.lp All user input and program responses to and
from the post processor are recorded here.
Opera3d_Post_n.log User input to the post processor isrecorded here.

These can be reused as input to the program by
converting to .comi files.

The log files are stored in a sub-directory of the project folder opera_logs. The
file history is always retained. Each time the software is started, new log, Ip etc.
files are generated. Previous files are not overwritten. The history is retained by
attaching a number, n to the files. The value of n is chosen to be the lowest avail-
ableinteger not already in use. Thismay |ead to asituation where the lowest value
of nisnot necessarily the oldest file: for exampleif some older files were del eted,
those values of n are re-used | ater.

COMI Files

The .comi fileis a command file, that can be run using the $ COMINPUT com-
mand, or using File — Commands In menu. Thefileisatext file, that can be cre-
ated using astandard text editor. The .comi files can also be used to automatically
start up the interactive programs. Each interactive program always reads the
appropriate .comi file on start up (although they are normally empty, the user can
add commands if desired).

oppre.comi - The pre processor always reads thisfirst.
opera.comi - The post processor always reads this first.

]
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modeller.comi - The Modeller always reads this first.

BH Files

The bh folder in theinstallation folder contains sample BH datafiles for use with
OPERA-2d and OPERA-3d. The folder also includes a bh.index file.

Windows M enus

In addition to the standard GUI menus in the pre processor, thereis a set of addi-
tional menus specifically for the Windows implementation. Their function is to
control the behaviour of the OPERA pre processor within the Windows environ-
ment.

The FILE menu alows printing of the windows, and displaying somerelated files.

Selecting FILE — Print allows printing of all the windows, or just the graphics
window. If A1l windows is selected, then the surrounding border and the OPERA
GUI menusareincluded inthe print. If Graphics Window isselected, thetop level
menus are omitted (but any pull-down menus overlapping the graphics window
are included in the print). The Windows print manager is used to perform the
printing inthe usual way. If the 3d-Viewer window has been activated, then athird
option FILE — Print — 3d-Viewer is available, which just prints the contents
of the 3d-Viewer window. The Windows print manager is used to perform the
printing in the usual way.

[V PRE Processor DPERA-3D

Edt ‘window Help

Print 3 Al windows. ..
Graphics Window .

Dizplay Bes file ... Efﬁieﬁir e

Dizplay Ermnit file ... =

Exit

Figure2.1 File menu including Print sub-menu

Theoption FILE — Display Res File launches Windows Notepad and prompts
for the file to be loaded. All files with the .res extension are displayed for selec-
tion.
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The option FILE — Display Emit File is similar to above, with files having
extension .emit displayed for selection.

EDIT Menu The EDIT menu copiesthe contents of the windowsto the clipboard. Asabove, the
options are for A11 Windows Or just the Graphics Window to be copied. The 3d-
Viewer options copies the 3d-Viewer window only to the clipboard.

File Window Help
Copy to clipboard v [ [RE0TTa sl
Graphics Window
2d-iewer

Figure 2.2 Edit menu allowing copying to clipboard

WINDOW Menu TheWINDOW menu controls the positioning of the Console and the Graphics win-
dows on the screen.

The options for the Console window are:

Normal: The Console window (showing the equivalent keyboard commands on
menu selection, or alowing keyboard input of the appropriate com-
mandsin place of the GUI) is on top when interacting with it, but is po-
sitioned behind the graphics window when the GUI is active.

Always on Top: The Console window isforced to always be positioned on top of
all other windows.

Hidden: The Console window is deleted completely, but can be displayed again
using one of the above options.
The options for the Graphics window are:

Restore: The Graphics window is reduced in size, and can then be resized asre-
quired in the normal manner.

Maximised: Thissetsthe Graphicswindow to the default size, where it completely
fills the available space within the OPERA window.

In addition, the option WINDOW — 3d-Viewer allows the 3d-Viewer window to be
restored if it isnot visible (provided it has been activated).

]
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r OPERA-3D

File  Edit

3 v Hormal
Graphics \Window *  Alwapz On Top
Jd-iewer Hidden

Arrange Windows

Figure 2.3 Window menu controlling positioning of Console, Graphics and 3d-
Viewer windows. The Console window options ar e shown.

W PRE Processor DPERA-3D
File Edit

’ Bestore
Ad-iewer I aximized

Arrange Windows

Figure2.4 Window menu controlling positioning of Console, Graphics and 3d-
Viewer windows. The Graphicswindow options are shown.

A further option for displaying the Graphics and 3d-Viewer windows is
WINDOW — Arrange Windows, which has the effect of equally partitioning the dis-
play areafor the two windows.

HELP Menu The HELP window allows access to the online help. The relevant Reference Man-
ual is present in WinHelp format. In addition, the ABoUT option displays the cur-
rent software version number, and the contact details for Vector Fields.

[V PRE Processor DPERA-3D

File Edit ‘wWindow Hsl=s

Online Reference Manual
About

Figure 2.5 Help menu allowing online help to be displayed (WinHelp)
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The aim of thisuser guideisto provide simple examples to introduce some of the
features of OPERA-3d.

OPERA-3d isthe pre and post processor for the well known el ectromagnetic anal -
ysis programs including TOSCA, ELEKTRA, CARMEN, SOPRANO and
SCALA.

OPERA-3d contains two modules to generate data files and models for the elec-
tromagnetic analysis programs. The Modeller uses geometric primitive volumes
and Boolean operations to construct the model while the pre processor uses extru-
sion from a 2D cross-section. Both modules allow the user to create the finite ele-
ment mesh, specify conductor geometry, define material characteristicsincluding,
for example, non-linear and anisotropic descriptions, and graphically examine
and display the data.

Similarly, the OPERA-3d post processor provides facilities necessary for display-
ing the el ectromagnetic fields. Aswell asdisplaying field quantities as graphs and
contour maps, the OPERA-3d post processor can calculate and display many
derived quantities and can plot particle trajectories through the cal culated fields.

The Reference Manual gives detailed information on the commands used in
OPERA-3d.
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OPERA-3d Database

OPERA-3d uses a binary database, much of which is transparent to a user of the
software. Those aspectsthat are rel evant to the use of the softwarewill be outlined
in the following sections. In particular, either the Modeller or the pre processor
can be used to create a binary database (.op3) directly, which is accessed by all
the analysis modules and the post processor.

Simulations

The structure of the database is based on the principle of storing the geometric
datafor amodel, and then creating a number of “simulations’. The database cre-
ated isentirely self contained, and does not rely on additional datafiles (BH tables
etc. are all incorporated into the database). Also the databaseisnot tied to asingle
anaysismodule. (Note that SCALA isdightly different asit relies on an external
emitter file).

Running a simulation consists of using the geometry stored in the database, and
running one of the analysis modul es. Sufficient datato direct the solution (includ-
ing which analysis module should be used) is stored in each simulation section.
The results are then stored in the database for that simulation, for future post
processing.

Each simulation can utilise a different analysis module, so that one database for
example could contain the geometry, followed by a TOSCA simulation, an
ELEKTRA-SS simulation, and then a series of ELEKTRA-TR simulations.

The database has a single set of units applied to it, and thisis used for each simu-
lation. It is not possible to have different units for each simulation in the same
database.

Multiple Drives

All coils and boundary conditions are labelled. Each coil must be given one of
these labels, although a number of coils can be given the same drive label. Each
set of coilsisthen assigned adrive type (in ELEKTRA-TR and CARMEN), and
phase (in ELEKTRA-SS and SOPRANO-SS).

Boundary conditions may also have a drive label (although this is not compul-
sory), alowing different drive functions and phases to be alocated to groups of
boundary facets.

|
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If the same drive label is used for both boundary conditions and coil definitions,
then the same drive type will be assigned to both.

Material Properties

In all analysis modules (except SOPRANO and SCALA), material non-linearity
and anisotropy is available. The BH curves are stored in the database itself. This
impliesthat oncethe databaseis created, any changesto the BH datafilewill have
no impact on the simulation, as it is the BH curve stored in the binary database
that is actually used by the simulation (see comments above about database being
self contained).

When defining material properties in the pre processor, three vector quantities
may be defined: source current density (in ELEKTRA and SOPRANO), velocity
(in ELEKTRA-VL), and material orientation (to define anisotropy). Each of these
can also be functional (i.e. afunction of position).

NB: Since source current density and velocity vectors were introduced as extra
items in Version 7, it follows that pre processor files prior to Version 7 are no
longer compatible. It will be necessary to define source current density and veloc-
ity again for these solution types.

Restarts

It ispossible to restart an analysis, starting from any simulation held in the data-
base, not necessarily the last one (although arestart must be from a simulation of
the same type as the original).

For example, the ELEKTRA-TR module can be restarted from any previous solu-
tion currently stored, and need not be the last solution present. It is possible then
to run asimulation in ELEKTRA-TR until a certain time. A restart can then be
carried out starting from an earlier time, and using asmaller time step. This could
be used for example to check the accuracy of the solution, by comparing the
results at a particular time arising from using two different time steps over part of
the analysis.

Sincecoil fieldsare grouped (see section “Multiple Drives’ on page 3-2), arestart
will use the coil fields already created from an earlier simulation —they are not re-
computed. Thiswill greatly improve the efficiency when complex conductor sets
are being used.

]
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The software package OPERA-3d includes the facility for automatic tetrahedral
mesh generation. This feature proves extremely convenient for many problems,
by greatly improving the ease with which models can be built. This is the only
type of meshing available from the Modeller.

In the pre processor, it is also possible to build modelsin terms of brick (hexahe-
dral) elements, and indeed previously defined models can continue to be proc-
essed in the OPERA-3d suite through this route.

Some guidelines are included below to aid in the decision asto which form of ele-
ment to use —whether to use hexahedral meshes as before, or whether to make use
of the automatically generated meshes using tetrahedral elements.

Accuracy

Oneimportant aspect in making this decision isthe accuracy of results that are to
be obtained. It is afeature of the two types of finite element (irrespective of how
they are created in the first place) that, for the same number of nodes, hexahedra
can give greater accuracy that tetrahedra — hence the reason for maintaining the
ability to produce hexahedral meshes within OPERA-3d.

In general for highest accuracy, it is necessary to align the element edges with the
equi-potentia lines. This can be achieved with hexahedra, but automatically gen-
erated tetrahedra edges are unlikely to ever align correctly, so errors are intro-
duced.

For problems requiring high accuracy, hexahedral elements must be used there-
fore. An example of such an application would be MRl magnets, where excep-
tionally high accuracy in the field solution is required. Many more tetrahedral
elements would probably be needed to achieve the same accuracy. Of course, the
increased solution time associated with the larger problem must be weighed
against the time to create the model using only hexahedral blocks.

Another instance where hexahedra should be used is when large, nearly balanced
forces, are to be computed. It is then necessary to have elements having a very
regular shape and distribution, to avoid as much of the “discretisation error” as
possible. This can only be achieved by having strong control over the shape and
position of the elements, asisthe case with the hexahedral mesh generation strat-
egy within OPERA-3d.
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Ease of Modelling

Where accuracy isless of an issue, but ease of meshing is paramount, it isrecom-
mended that the automatic mesh generator is used. For example in motors and
generators, which have very complex geometries, it is not necessary to have the
high levels of accuracy asin the previous examples. On the other hand, the com-
plex geometric shapes make modelling in terms of hexahedra very time consum-
ing. Thisisanidea situation for using tetrahedral elements, created automatically
by the Modeller or pre processor.

Whereimproved accuracy isrequired, for exampleintheair gap wherethetorgque
calculations are to be carried out, it is suggested that quadratic elements are used
locally. All the analysis solvers (apart from SOPRANO) allow mixed linear and
quadratic elementsin same problem, and are recommended for locally improving
the accuracy within amodel.

Qualifications on Use of Automatic Meshing

In the pre processor, there is the concept of a*base plane’, which can be created
using genera polygons. The base plane is then extruded to form volumes. It is
necessary to create the mesh within the pre processor. Thisis carried out in two
stages — first a surface mesh is created, followed by a volume mesh.

If only 3 or 4-sided facets are used on the base plane, then it is possible to direct
the surface mesh to be quadrilateral (and hence generate a hexahedral volume
mesh). If a polygon facet is used anywhere on the base plane, then it will only be
possible to create a triangular surface mesh, and consequently the volume mesh
will be based on tetrahedra.

Having made this general statement, some qualifications should aso be made. If
3 or 4-sided facetsare created (not polygons), it is possible to modify the sub-divi-
sions so that they areirregular. It will then NOT be possible to create a quadril at-
eral surface mesh.

Conversely, if 4-sided polygons are defined, with a regular sub-division, it may
still be possible to create a quadrilateral surface mesh. Using the CHECK com-
mand confirmsif the subdivision isregular, and hence whether aquadrilateral sur-
face mesh can be generated. If thisis the case, then subsequent modifications to
the subdivision will retain itsregularity (unless an irregular subdivision is specif-
ically assigned).

Animportant restriction to note at this point isthat if amodel constructed with the
pre processor uses periodicity in TOSCA or SCALA, then it is necessary that
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either hexahedral elementsare created, or aregular tetrahedral subdivision isused
on the periodic faces.

Another restriction is that if a polygon contains more than 4 vertices, al points
must be coplanar. The software does not alow for other types of surface, and will
assume the points are in a plane.

In the Modeller, the user is able to construct the model using primitive volumes,
swept surfaces and Boolean operations. Unlike the pre processor, the resulting
volumes are not generally shapesthat could be created through an extrusion proc-
ess. Consequently, regular meshing with hexahedrais not available.

Like the pre processor, mesh generation in the Modeller is a two stage process.
Surfaces of volumes (cells) are initially discretised into triangles. Controls are
available to define the exactness of the representation of curved surfaces. Then,
using the surface mesh, each cell is meshed automatically into tetrahedra.

Element size can be controlled by defining a maximum element size on vertices,
edges, faces or cells within a model. This allows the mesh to be concentrated in
areas of interest, where high accuracy is required, or where the field is changing

rapidly.

Note that for TOSCA and SCALA models in which periodicity boundary condi-
tions are required, the Modeller can automatically ensure that the mesh on the
boundaries is identical, unlike the pre processor (see “Pre Processor” on page 3-
5).

Functional Boundary Conditions

A useful feature is the ability to see the functional variation of boundary condi-
tionsin the Maodeller and pre processor. A contour map can be displayed over the
boundary, displaying the variation of boundary values.

Mesh Continuity

It must be stressed that inside amodel the mesh has to be continuous. No holes or
gapsinthe mesh are allowed asthey havethe effect of an external boundary inside
the mesh. In the Modeller, this is mostly avoided automatically as the internal
description of the geometry usually ensures that neighbouring cells are using the
same surface definition. Of course, if the user actually defines two volumes with
dlightly different coordinates then a gap or overlap will occur. There are tools
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within the Modeller to assist the user in “healing” such overlaps to remove very
small volumes and surfaces.

In the pre processor, the user should ensure that each edge on the base plane is
used by two polygons, unlessit is on a physical boundary (possibly internal) of
themoddl. Furthermore, the regions of the base plane must not overlap. Thereis
a CHECK command which performs a check of the mesh, counts the nodes and
labels all external facets with the label EXTERNAL. After having run the
CHECK command you can select all external facetsand display them. If thereare
external facetsinside the model, it is an indication of amodelling error.

To model acomplicated geometry with the pre processor, amesh can be built with
several different meshes. However, the user is responsible for the mesh matching
at the interface between two meshes. As previously mentioned, the resulting mesh
has to be continuous.

]
Version 8.5 OPERA-3d User Guide



3-8 Chapter 3 - Program Philosophy

Post Processor

SystemVariables  System variable names are chosen to help identify the nature of the variable. This
reflectsthe fact that real and imaginary values are available simultaneoudly in the
post processor for ELEKTRA-SS and SOPRANO-SS results. The magnetic field
valuesareavailableasBX, BY and BZ (instantaneous val ues at the sel ected time),
aong with RBX, RBY, RBZ, IBX, IBY, IBZ (which are the real and imaginary
parts of the field components).

NB: Prior to v7.5 of the post processor, the imaginary part of a component was
defined asitsvalue at time ot = 90°. From v7.5, this has been modified to be the
value at time ot = -90°. This brings the post processor into line with common
engineering convention for leading and lagging phase angles expressed as com-
plex numbers.

For each simulation, a subset of system variables are loaded, depending on the
simulation type. The system variables |oaded for an electrostatic TOSCA simula-
tion will be different to those loaded for a magnetostatic TOSCA simulation (i.e.
electric field rather than magnetic field will be loaded, and the potential will be
named V in the electrostatic simulation).

Other system variables will be available on request. For example, the error values
from aTOSCA magnetostatic analysis ERRB (see page 3-9) is not automatically
available when the database is activated and loaded. The user must add it to the
list of available system variables, selecting appropriate units.

Thisfeatureis particularly useful if the user wishesto make new system variables
available that do not form part of the existing analysis results. For example, if an
electrostatic TOSCA solution is loaded into the post processor, a magnetic field
from another simulation can be added to the database using the TABLE com-
mand. The electrostatic variables are the default set, but the magnetic system var-
iables are aso available to view the magnetic fields. These must be loaded
manually by the user, if for example BX is to be displayed or used for tracking
particlesin combined magnetic and electric fields.

For coil only problems, the default variable set of HX, HY, HZ, BX, BY and BZ
are available. For current flow problems, the variables HX, HY and HZ are avail-
able following a request for INTEGRAL FIELD computations. The variables
HX, HY and HZ are disabled when selecting NODAL FIELD computations

again.

|
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Nodally All the solutions available in the database are ‘nodally averaged’. A smoothing

Averaged Fields  process is used to ensure continuous fields within each different material volume.
Between different materials, those components that should be discontinuous are
allowed to be so.

The options for displaying field quantities are NODAL and INTEGRAL (the
SHAPE option prior to v7 is not available).

Labelsfromthe  To help select surfaces and volumesin the post processor for displaying/comput-

Pre Processor ing quantities, it is possible to make use of additional labels assigned in the
Modeller or pre processor. These label sare stored in the database, and can be used
later in the post processor. For example, different parts of the boundary can be
assigned different labels, and hence selected independently in the post processor.

Solution The solutions obtained using finite element methods (as used in OPERA-3d) are

Accuracy numerical approximationsto therea solution to the continuum physics equations.
The accuracy of the approximation will be dependent on the ability of the finite
element basis function (See “ The Finite Element Method” on page 6-2.) to repre-
sent the loca spatial variation of the vector or scalar potential. Consequently,
there will be alocal error associated with each finite element of a mesh.

The OPERA-3d analysis programs compute the upper bound of the local error in
the derived fields - magnetic flux density, electric flux density and current density
- asfollows:

Table 1: Computed error in derived fields

Derived field error Analysis program
Magnetic flux density TOSCA magnetostatics
ELEKTRA
CARMEN
Electric flux density TOSCA electrostatics, SCALA
Current density TOSCA current flow

using an a posteriori method based on comparison of field values obtained from
differentiation of the element basis functions and the nodally averaged fields
computed in the analysis.

Thelocal error can be displayed in the post processor using vector system varia-
blesERRB, ERRD or ERRJ, dependent on the analysistype. These system var-

]
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iables are not loaded automatically, but must be loaded by the user specificaly.
The x, y and z components of each error can be accessed e.g. ERRBX for the x
component of thelocal error in the magnetic flux density and the values are given
in the same units as the derived field on which the error has been computed.

SOPRANO uses edge elements to solve for the electric field directly. Conse-
guently, the error computation algorithm cannot be applied to SOPRANO solu-
tions and error vectors are not yet available in the post processor. Likewise, they
are not yet availablein SCALA.

|
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Inthis chapter, the most important conceptsfor pre processing, analysing and post
processing of OPERA-3d models are introduced. Building a geometry using the
Modeller, exploiting the symmetry to reduce the size of problem solved and gen-
erating the finite element mesh are covered. Setting up the analysis by choosing
appropriate material characteristics, solution type and solver module is aso dis-
cussed. Finally, the post processor is used to obtain results from the solved data-
base.

The Modédl

The model to be created in this introduction is shown in Figure 4.1. It represents
asimplified permanent magnet MRI (Magnetic Resonance Imaging) system. The
blue materia isapermanent magnet, magnetised to produce auniform field in the
region between the purple magnet poles. The poles are made from good quality
steel and include shims of the same steel (annular rings added to the pole face) to
improve the field quality. The frame (in green), constructed from alower quality
stedl, acts as the return path for the flux.

Because of the symmetry of the model, it is sufficient to solve the magnetic fields
using only one eighth of the geometry of the MRI system, with asurrounding free
space region. However, ahalf model of the geometry will be constructed initially
asthisiseasier. Figure 4.2 shows the half model, which represents the upper pole
and magnet and the top half of the frame. The symmetry of the one eighth model
will beimplied by appropriate boundary conditions. The modd is constructed in
CGS units.
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Figure4.1 The MRI magnet geometry

Figure4.2 Thehalf geometric model to be constructed

Mesh quality isimportant in MRI applications and several controls will be used
to improve the mesh. The analysiswill be non-linear requiring the user to specify
magnetic characteristics (B v H curves) for the magnet and the steel. In the post
processing, the magnetic flux density in the geometry will be examined, the
homogeneity of the dipole field determined using Legendre Polynomial fitting
and the force between the poles calculated.

]
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Starting the M odeller

Microsoft The Modeller is started from the OPERA Console window. To start the Console
Windows window, click on the VF Icon in the system tray, B, or use the Start menu to
Platforms locate Vector Fields OPERA under Programs. The Console window presents a
menubar.

l? OPERA Console from ¥ector Fields M= E3

File OPERA2d 0OPERA 3d Batch Process Options  Help -

Current Project Folders 2]

OFERA 3d : Doy Wark Folder

DOFERA 2d : DWWy Work Folder

OPERA 2d Design Environment : D:\My VWork Folder

Click on OPERA-3d and select Modeller from the menu.

Unix Platforms Enter
$vfdir/opera/dcl/opera.com $vfdir
where $v£dir isthedirectory in which the OPERA software has been installed.

If both OPERA-2d and OPERA-3d have been installed, the user will be further
prompted

2d or 3d processing or QUIT?

Reply

3d

The program will then offer the user a selection of modules. Enter

modeller

Using the Modeller

When the Modeller starts, the user is presented with a display showing the 3D
axes (Figure 4.3). Note that the display will look slightly different on aUnix plat-
form, but the functionality will be the same.

]
Version 8.5 OPERA-3d User Guide



Chapter 4 - Getting Started: OPERA-3d Modeller

A selection of toolbars at the top of the screen isavailableto control the Modéeller.
The toolbars contain icons, which perform frequently used operations. The top
menubar activates pop-up menus, which alow all operationsto be accessed. The
Modeller can also be controlled using akeyboard entry. The user is free to switch
between toolbar/menubar and keyboard modes at any time. The console for key-
board entry is activated by clicking with the left mouse button on the Windows
menu on the top menubar, and selecting View console. Figure 4.4 shows the
Modeller screen when the keyboard entry console window has been activated.
The same menu can be used to remove the console window by selecting Hide
console. To enter keyboard commands at the consol e window, move the mouse
into the command entry line at the bottom of the screen (prefixed by the OPERA-
3d > prompt) and click the left mouse button. A flashing cursor appears and the
user may type commands.

#: Modeller [[Z]x]
File Edt View Create Picking Operations Propetties Model Windows Help

|ed[malo~|ER|w¢@ot]lccrsor 275

|BEsRE &<« = [NRADY & [ ex-xw 2 -z[[FE=ERES]e]

11/5ep/2001 16:42:10

Y VECTOR FIELDS

[ | Component [0 [0 [0 [0 0 [0 | Global coordinate system

Figure 4.3 Theinitial display using Microsoft Windows

Other important features of the user interface are tndo ﬂ and Redo ﬂ These
allow the user to return the Modeller session to any placein its history, for exam-
ple to correct an incorrectly given instruction or to create several variations from
a base modd. The features may also be accessed from the Edit menu or viathe
keyboard.
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11/8ep/2001 16:45:11

V_VECTOR FIELDS

Figure4.4 Consolewindow activated

|
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Building the Geometry

Using an Icon

The Permanent M agnet

The first part of the geometry entered is the magnet. This is constructed from a
single cylinder, has aradius of 57 cm and athickness of 10 cm. The circular face
of the magnet touching the poleis 32 cm from the symmetry plane, which will be
assumed to be at Y = 0 cm. Geometric entities can be created in the Modeller by
either method - picking the appropriate icon from the toolbar or entering a key-
board command.

To create the cylinder from anicon, click on the blue cylinder icon on the toolbar
using the left mouse button. This brings up a dialog box to define the cylinder
(notethat cylinder isageneric name - the options allow construction of cones and
elliptic cylinders also).

To enter datain a dialog box, either select the field using the mouse, or move to
the field using the tab button on the keyboard. Pressing the Enter key is equiva-
lent to selecting Ok on the dialog box. The user may escape from any dialog box
without making any changes to the model by using the Esc key (equivalent to
clicking on Cancel).

The cylinder is defined by completing the dialog box as shown and clicking on
Ok. This produces the disk shown in the attached thumbnail figure.

Create a
Cylinder

<

Create a cylinder
MName :Imagnet
Centre of the base of the cylinder
[ ¥[32 z[o
Centre of the top of the cinder
[ |42 z[o
Radii atthe basehajor57 Minar|57

Fadius atthe topkdajor|57

Ok | Cancel |

Controlling the View

The cylinder can be viewed from many positions. Move the mouseinto the graph-
ics window, hold down the left mouse button and move the mouse. This allows
the view of the cylinder to be rotated. Now hold the right button of the mouse
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down instead and move the mouse. This gives trandation allowing the object of
interest to be moved to the centre of the screen. For users with a three-button
mouse, holding the centre button allows the view to be zoomed in and out. Users
with atwo button mouse can toggl e the function of the right button between trans-

late and zoom by clicking on the mouse icon g

If the user modifiesthe view in such away that it isnot easy to return to an overall
view of the geometry, the view can bere-initialised by selectingthe Initial View

=
icon from the toolbar .

This will adjust the view so that al the visible geometry can be seen. The other
icons on the toolbar aso control the view. The geometry can be viewed along any

of the major axis directions (ﬂ, ﬂ etc.). Two icons are available to toggle

between solid view @ on and off and wire-frame view @ on and off.

The axes can also be toggled on or off H

These functions can al so be accessed through the view menu on the top menubar.

Properties of the Magnet
The default properties of the cylinder that has been called magnet are:

Material AIR (n = py, € = €5, 6 = 0)

Potential type REDUCED

Element type LINEAR

For this example, the magnet will be given the material name neo and the poten-
tial type will be changed to TOTAL. To do this, the volume must be selected asa

Cell (for adiscussionon Cells and Bodies, see“ Cellsand Bodies’ on page 5-1).

Note that objects can be selected in order to hide them from the display (by first

selecting the Hide Entity icon ﬂ) or to pick them for a subsequent operation
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(using the Pick Entityicon ﬂ). See “Picking and Hiding Entities” on page 5-
2 for more information.

Ensure Pick
Entityiconis
selected.

s

Select Pick
cellicon

|

M ovethe mouse (without pressing the buttons)
so that the cursor lies over the cylinder. The
outline of the cylinder will be highlighted.
Double click while the outline is highlighted
and the solid cylinder becomes highlighted
indicating that it has been picked.

The properties of the picked cell can then be set. From the top menubar, select

Properties — Cell properties

Set properties of picked cells f/:
Material label | neo - g}[
Patertial lypel Total jEIemenl t_l,lpel Linear - [E

s
4

D ata storage Ievell

Wolume data label I_'r'difBCth
Mesh control parameters

Le

Maximum element size|3

Maximum angle between elementsl

Maximum deviation from surface I

[ ok | Default | Quit |

Note that the potential type (TOTAL) can be selected from amenu by clicking on
the arrow at the right side of the input box. The Volume data label is Set to
ydirected, will be used |ater to specify the easy direction of magnetisation for
the magnet. The Maximum element size (3) specifiesthat no element inthe mag-
net will be larger than 3 units along any of its edges. The magnet cylinder now
becomes green, indicating it is made from the first new material name to beintro-
duced. The material nameneo isonly alabel (alogical name) - the physical prop-
erties of the material are yet to be defined.

Building the Pole and Shim

The pole and shim are constructed as a single volume of the model. This is
achieved by initially making acylinder as deep as both the pole and shim and then
cutting a2.5 cm recess using a Bool ean subtraction of a second cylinder from the
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initial cylinder. Note that the cutting cylinder is deliberately defined longer than
the depth of the recess. This makes picking the two volumes simpler.

Select Cy11n- Create a cylinder '
der/cone icON | Mame|pole . :
Centre of the base of the cylinder \;»\ of
& [ W32 Z[o s
Centre of the top of the cylinder
0 |21 2/
Fiadii atthe hasetajor|57 MinoriE?

Fadius atthe tophajor]57

Ok - Cancel |

Select Cylln' Create a cylinder

der/cone icon MName ;| shimout
Centre of the base of the cylinder

ﬂ 0 ¥[zas 2|0
Centre of the top of the cylinder
0 w18 2|0
Radii atthe baseMajor]47 Minar|47

Fadius atthe tophdajor 47

Ok - Cancel |

Boolean Boolean operations (union, subtraction, intersection, repair and trimming) are

Subtraction performed on bodies, not cells. The main distinction between a cell and abody is
that a cell is a volume of the model, while a body is a hierarchical assembly of
cells, faces, edges and points. Hence, it is necessary to pick the new cylinders cre-
ated as bodies not cells.

Select Pick Move the mouse over the graphics display

body icon until the outline of the first new cylinder is

@ highlighted and double click. If the wrong cyl- )
inder is picked, double click on it again to 4
unpick it.

]
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Select Pick
body icon

[

Pick the second new cylinder in the same way.

Subtraction is performed from the Operations menu on the top menubar.

Operations — Combine bodies — Subtraction, with regularisation

Subtract the body picked second from the first
body picked. The second body disappears and
the result leaves a single volume that is the
result of the Boolean operation. Regularisation
removes any internal faces that may be left as
aresult of the operation.

The properties of the combined pole and shim volume can now be defined from

the Properties menu.

Select Pick
cellsicon

|

Highlight the new volume.

Properties —

Cell properties

Set properties of picked cells
Material label | goodstee! =]
Patential t_l,lpel Total jEIement t-"'pel Linear d

[ ata storage Ievell

L

Yolume data Iabell

Mesh control parameters

M aximum element size|2

Maximum angle between elementsl

Maximum deviation from surface I

[ o | Default | Gt

|
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Building the Frame

The frame is constructed from two blocks - one to make the back plate and the
second to make one of the (half) legs. The leg block is then copied to make four
(half) legs. The back plate will be constructed by using keyboard entry. A block
isacuboid and may be defined using any two diagonally opposite corners

Using the The keyboard entry console is activated from the windows top level menu (as dis-

Keyboard Entry  cussed previously) and by typing at the OPERA-3d> prompt. There are no spaces

Console between the parameter name, the equal s sign and the val ue to which the parameter
isassigned.

A block is defined using the following commands:

Windows — View console

OPERA-3d> block name=plate,
OPERA-3d> x0=-100 y0=42 z0=100,
OPERA-3d> x1=100 yl1=50 z1=-100

The cell properties can then be defined.

Select Pick Highlight the block.
cellsicon

|

Properties — Cell properties

Set properties of picked cells

Material label | cheapsteel

Patertial typel Total jEIement t_l,lpel Linear -

B

]

D ata storage lewvel I 3

Le

Wolume data Iabell
Mesh control parameters

Mazimum elemett size|5

Maximum angle betwesn elementsl

I aximum deviation fram surfacel

[ ok | Default | Quit

]
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TheData storage level is set higher than the default (1). When the plate and
the legs are combined later to make a single volume using a Boolean union oper-
ation, the cell with the highest data storage level defines the properties that the
combined body retains.

Thefirst (half) leg isaso defined using the keyboard entry. The parameter names
are not included and the values will be assigned to the parameters in the defined
order shown in the reference manual.

Windows — View console

OPERA-3d> block leg 85 0 85 105,
OPERA-3d> yl=60 105

Making Copies

The additional three copies of the leg will be made by rotation around the Y-axis.
Copying is an Operation that can only be performed on a body. The left side of
the copying menu defines the operation that is to be performed. Only the values
on the right side of the menu that match the operation selected may be entered.
The number of copies at the bottom left defines how many additional bodies will
be constructed (not including the body that was originally picked).

Select Pick
body icon

[

Pick theleg
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Operations — Copy
Copy and transform
— Transformation lwpe ———— Displacement vectar
" Displace UID VIU WIU
* Fotat
r siete — Ratation [axiz and anale]
Reflect LIID V|1 WID
" Scale
ISD
" Euler Angle
r— Reflestion [nomal veston to the reflection plane]
ujo y]o iyl
- Seale factors
Number of copies | 2 u I1 V|1 W|1
— Euler angles
Theta D Pl psi]0
Copy and kesp | Quit |

Picking Entities  The back plate and the legs are combined into a single volume using a Boolean
Using Their union operation. Bodies may be selected by one of their attributesusing the Pick-
Properties
P ing menu or the Pick by property @ icon.

Picking — Pick entities by property

Click on the + sign opposite Name to produce
the list of the names of bodies in the model.
Click on 1eg. Then press and hold the ctrl

key to also click onplate. Click on add.
Pick items

B Size
EH-Yolume

Add Toggle Femaove | Cuit I

Z
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Operations — Combine bodies — Union, with regularisation
Notethat thelegsturn to the same colour asthe
back plate, indicating they have used the data
fromtheplate cel asit had ahigher data
storagelevel. Other resultsfrom using REGU-
LARISATION are discussed in more detail in
the next chapter.

This completes the geometry of the model.
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Creating a Background Volume

The previous steps have defined the geometry of the magnet. However, the mag-
netic field must be determined in “all space’. The free space that surrounds the
magnet must also be included as part of the model. In the real world, this space
extendsto infinity. However, in afinite element model the free spaceregionister-
minated at a distance from the region of interest, such that the termination does
not significantly affect the accuracy. In this calculation, the free space region will
be terminated 250 cm from the centre of the magnet in the horizontal plane (X and
Z directions) and 150 cmin the vertical (Y) direction. Note, for real MRI magnets
the termination boundary should be at least 10 times greater than these distances.

Exploiting Symmetry

Background As explained at the beginning of this example, only 1/8 of the complete magnet
Volumes needs to be solved because of symmetry. The 1/8 model will be created using a
background volume, which will aso define the outer boundary of the problem.

Each model to be analysed can only contain one background volume. Any part of
the geometry that extends beyond the background volume is automatically
removed for the analysis. Geometry that lies within the background volume takes
precedence over the background i.e. the background volume only fills the parts of
the space that are not already occupied, and additional geometry can be placed in
the background after the background has been defined.

Background regions can be avolume of any shape. In thismodel, a block region
is used. The background property is invoked by naming the volume back-

ground.

Defineblock Create a block
Name :|background

‘ First corner o
[ N[ z[0

Opposite corner
w250 150 z[250

Cancel |

]
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Setting the The properties of the background volume will only be invoked when a single
Background body for the complete model is created. There are three data definition stepsto be
Properties completed first. Thefirst two set the cell properties of the background regions

and the MRI geometry.
Select pick Pick the background region.
cellsicon

|

Properties —

Cell properties

Set properties of picked cells

Material label Iﬁ
Potential t_l,lpel Total j Element t-"'pel Linear j
[ ata starage lewvel I

Yolume data Iabell ﬂ

Mesh control parameters

M aximum element sizel

Maximum angle between elementsl

Maximum deviation from surface I

[ ok | Default | Quit |

Select Pick
cellsicon

|

Pick all the cells that make up the MRI geom-
etry.

Properties —

Cell properties

Set properties of picked cells
M aterial Iabell hd l
Potential l_l,lpel Total jEIement t_l,lpel Linear j
Data storage level I 2
Yolume data Iabell j

Mesh control parameters

M aximum element sizel

Maximum angle between elementsl

Maximum deviation from surface I

[ o | Default | Gt

|
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Boundary Conditions

The final data definition step before the modd is created isto add boundary con-
ditionsto the background volume. Similarly to material properties, boundary con-
ditions are applied by assigning alabel (or logical name) to a face of the model.
The labdl is then associated with the real boundary condition to be applied. This
is especially useful is the same model has to be analysed with many different
boundary conditionse.g. in eectrostatics, asthe surfaces for the new condition do
not have to be reselected - only the boundary condition is modified.

Select Pick
faces icon

(]

Pick the XY and Y Z planes of the background
volume. The outlines of the faces will be high-
lighted to indicate which face will be picked.
On these two planes the magnetic field will be
entirely tangential.

Properties —

Face properties

Thelabel, tm, chosen reflects that a TAN-
GENTIAL MAGNETIC boundary condition
will be applied later. However, thisisonly a
label and any other character string could also
be used. The higher data storage level ensures
that the boundary conditions from the back-
ground volume will be transferred to all new
faces created withinthe area of the background
faces when the symmetry isimposed.

Boundary condition Iabelltm vl

Diata starage IevellE

Elementtypel j

Mesh contral parameters

Maximum element sizel

kaxirnurn desviation from Sun‘acel
Maxirmurn angle betiween elementsl

Claar | Cluit |

Version 8.5

|
OPERA-3d User Guide



4-18

Chapter 4 - Getting Started: OPERA-3d Modeller

faces icon

(]

Select Pick Pick the ZX plane on the background volume.

Properties — Face properties

Set properties of picked faces E
Boundary condition Iabellnm vl

Data storage IeveIIE

Elementtypel
Mesh contral parameters

=l

haxirnurn elermernt sizel

Meximurn dewviation fram Sun‘acel
Maximum angle between elementsl

Clear |

Cluit |

The model can be saved in afile at this time by selecting the Save E icon or
typing ctrl-s (hold down the ctrl key and type s). Any name can be given in
the browser window that follows. The model can be subsequently saved at any
other time without respecifying the file name.
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Making the Single Body M od€l

Before the finite element mesh can be generated, the model must be made into a
single body.

Model — Create model body

The properties of the background volume have
taken effect with only the /8 model now being
displayed. The geometry of the complete half
MRI isstill held in the model but will not be
used. Selecting Delete model body from the
Model menu will undo the last step, if the user
wishes to verify this!

The higher data storage level on the geometry of the MRI has ensured that the
faces of the MRI geometry are displayed on the symmetry planes rather than the
faces of the background volume.

However, the faces of the MRI geometry have inherited the boundary condition
label applied to the background volume. This can be verified as follows.

Select Pick
faces icon

[

Select Show
entity prop-
ertiesicon

E

Double click on any face on the symmetry
planes. Note that the faces of the background
volume on the symmetry plane are no longer
simple rectangles or squares, but fit round the
MRI geometry.

Version 8.5
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Building the Finite Element M esh

Controlling the
Mesh SizeUsing
Geometric
Entities

The quality of the finite element mesh in the good field region between the poles
is very important for accurate modelling of MRI magnets. The volumes making
up the pole/ shim, magnet and frame of the MRI have already been given amesh
control size of 2, 3 and 5 respectively, but no mesh control sizewas applied to the
background volume. When the mesh is constructed a global mesh control size
parameter is given which isapplied to all volumesin which amesh control sizeis
not given.

It is possible to use other geometric entitiesin the model - faces, edges and verti-
ces - to set the mesh control size around particular features. In this model, the
mesh at the origin will be controlled to provide accurate modelling in the good
field region.

Select Pick
entityicon

o]
Select Pick
vertices icon

&

Move the mouse over the model until the ver-
tex at the origin is highlighted. Select the ver-
tex with adouble click.

Properties —

Vertex properties

Set properties of picked vertices (%]
Mesh control size|2 Data storage Ievell

Clear | Cluit |

A warning message is issued that this change will be lost if the user returns to
COMPONENT mode. However, sometimes some properties have to be entered
in MODEL mode asthe entity did not exist before the background region imposed
the symmetry.

The model is now ready to be meshed.
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Surface Meshing

Creation of the finite element mesh is performed in two stages. All surfaces of the
model areinitially meshed with triangles. Thisincludesinternal surfacesbetween
volumes of the model. After the surface mesh is complete, the volume mesh can
be created.

Model — Generate surface mesh

Generate the surface mesh

Target maximurm mesh elerment sizeISU

Marmal tolerance (degrees)l1 0

Surface fitting tDIeranceID.1

Ahsolute tolerance used to test point coincidencel1 [0E-06

Cancel |

Note the concentration of surface elements in the region of the origin and the
effect of the mesh control size values set in the MRI cdlls. This process may take
one or two minutes dependent on processor speed etc. If the user starts the surface
(or volume) meshing with incorrect parameters, the process may be aborted by

hitting the Cancel icon ﬂ - avery useful tool! As each FACE ismeshed it is
highlighted by its outline. Progress can also be monitored in the status bar at the
bottom.

Volume Meshing

Model — Generate volume mesh

Generate the surface mesh

Ahsolute tolerance used o te st point coincidencel1 [E-06

Cancel |

Construction of the volume mesh takes afew minutes and results in a mesh with
just over 150,000 elements and alittle more than 25,000 nodes - the exact num-
berswill depend on the computer hardware in use. Each CELL isaso highlighted
asit iscompleted.
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Preparing the Model for Analysis

Analysis Data

The model is now ready to be analysed. Firstly, the physical meaning of the
boundary condition labels, the actual materia properties and the easy direction of
the permanent magnet are specified.

Setting Starting with the boundary condition labels.
Boundary
Conditions

Model — Set boundary conditions

Set boundary condition data
— Boundary condition types
trn [T MNone [T Magnetic scalar [ “oltage
[T Tangential magnetic ¥ Momal magnetic ™ Mormal magnetic + potential
[T Tangential electic I Momal electric ™ Momal electic + voltage
[ “ector potential I Incident vector patential [ Fadiation

[ Mommal derivative of patential [~ Maormal derivative of voltage [~ Perfect conductar

[ Mixed scalar potential ™ Symmety

— Maagnetic scalar potential conditions
[Canstant I Functional I Denyvative I
— Electric scalar potential conditions

Eonstantl Functionall Delivativel

 [Magnetic vector potential conditions

Tjotal paterntial; .t’-'«HI .-’-‘-.yl .t'-\zl

 Incident vector patential conditians

Inzrdent patential: .i‘-.:-:l .-’-‘-.yl .tl‘-.zl

— Mixed potential condition

pef el = |

Drive Iabell j
Ok | Clear | Delete | Quit |

Theleft column displays the names of the boundary condition labels that have been used in the
model (nm and tm in this case). Click on Apply to set this condition.
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Model — Set boundary conditions

Set boundary condition data
| i — Boundary condition types
[T MNone [T Magnetic scalar [ “oltage
¥ Tangential magnetic I Momal magnetic ™ Mormal magnetic + potential
[T Tangential electic I Momal electric ™ Momal electic + voltage
[ “ector potential I Incident vector patential [ Fadiation

[ Mommal derivative of patential [~ Maormal derivative of voltage [~ Perfect conductar

[ Mixed scalar potential ™ Symmety

— Maagnetic scalar potential conditions
[Canstant I Functional I Denyvative I
— Electric scalar potential conditions

Eonstantl Functionall Delivativel

 [Magnetic vector potential conditions

Tjotal paterntial; .t’-'«HI .-’-‘-.yl .t'-\zl

 Incident vector patential conditians

Inzrdent patential: .i‘-.:-:l .-’-‘-.yl .tl‘-.zl

— Mixed potential condition
p+f “[dp/ell=

Drive Iabell j
Ok | Clear | Delete | Cuit |

Click on ok to set the condition and |eave the menu.

Setting Material Material properties are defined in a similar way to boundary conditions. In this

Properties analysis, both goodsteel and cheapsteel will be given the same magnetic
characteristic. The permeability of the magnetic materials will be defined using a
non-linear characteristic curve. If the analysisis run linearly, the initial slope of
the curve will be used. If the analysisis run non-linearly, the curve will be used to
match the permeability of each element to the flux density by iterating. The mate-
rials will be treated as isotropic.

Clicking the button on theright besidethe BH curve entry inthe Isotropic prop-
erties section alowsthe user to browse through the computer file system to find
the BH curves. For thisanalysis, curvesthat have been supplied with OPERA will
be used. A sub-directory, bh, exists in the installation directory for OPERA.

]
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Model — Set material properties

Set material Properties
Permeability I Perrmittivity I Conductivity I
™ Linear ¥ Morvlinear
V' Isotropic ™ Packed ™ Anisotropic
— Magnetic properties
Mul Hc:l
EH curve I bhitenten bh - IJ Phaze \agl
— Il agretic properties
| | z|
Hex| | z]
BEH cumve D<]| j J
BEH cumve N]I jJ Fhaze Iagl
BEH cumve Z]I j J
5l units & LGS units 51 [mm) 5l (Inches) 5l [Microns)
Ok | Apply I Set ta air | Delete | Guit |
A

Apply to use the selections.

Double click on the tenten.bh file name - acurve for ANSI 1010 steel - to
select this for the curve for both goodsteel and cheapsteel. Click on

Set material Properties E
cheapstee] Pemeabiy | Femittiviy | Conductiviy |
goodztes]
™ Linear ¥ Morvlinear
V| lsotropic ™ Packed ™ Anisotropic
— Magnetic properties
Mul Hc:l
BH Cuwelbh\ndfebﬂ 1.bh -[J Phase |ag|
— agnetic praperties
| | z|
Hex) | z]
BH cunve D<]| j J
EH curve N]I j ...| Fhaze Iagl
EH curve Z]I j J
5l units & CHS units 51 [ram) 5| [Inches) 5| [Microns)
Ok | Apply I Set to air | Delete | Guit |
A

Select the ndfebolt.bh curve from the same directory as the tenten.bh curve.
Click on ok to use the selections and leave the dialog.

|
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Setting Volume Thefinal action beforewriting the datafor analysisisto specify the magnetisation

Properties direction for the permanent magnet. The default direction is along global Z, but
in this model the magnet is magnetised through its thickness i.e. in the global Y
direction. Each cell of the model may have an assigned volume label. These
labels are used to associate a set of physical properties - velocity, charge density
etc. - with a particular volume or volumes of the mesh.

The Z direction of alocal coordinate system in the volume specifies the magnet-
isation direction. The orientation of the local coordinate system is controlled by
Euler angles termed Theta, Phi and Psi on the menu. There are aso boxes that
can be checked to access the most commonly used systems.

Model — Set volume properties

Set VOLUME Properties E

— Linear velocity

\-":-cl \-"yl Vzl

— Local arientation
[T Local$vZ = global vZ [~ Local)vZ = global vZ% W Local <7Z = global Z<v [~ Other

— [Mther arientation anales
Thets | Fhi Fsil

— Current density
Jxl J_I,II Jz I

Fotational velocity I

Packing factor I

Charge densit_l,ll

Ok | Apply I Clear | Delate | Guit I

Note: Thisisequivalent to setting Theta=90, Phi=90,Psi=180. Click on ok
to specify the orientation and leave the dialog.

Creating the Analysis Database

There are two stepsto creating the analysis database. Firstly, the user sets appro-
priate analysisinformation for the type of analysis program used to solvethefield
eguations. The second step is to create the database itself.

Analysis Settings  The dialog allows the user to choose a linear or non-linear analysis, the number
of non-linear iterations, the type of non-linear algorithm used to converge the
non-linear solution and other similar information.

]
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Model — Analysis settings — Tosca magnetic

TOSCA magnetic analysis data E

" Foice linear BH properties

@ Use non-inear BH properties

— Mon-linear iteration options

& Newton-Faphson update

' Simple update

I arimum number of iterations I 21

Convergence tolerance I 0.o01

Equation salution talerance I 1.0E-08

— External magnetic fields

H:nclD HyIU

HzlD

¥ Use caloulated perindiciy

¥V Automatic potential cuts

Ok I

Gt |

Analysis
Database

Thefinal stepisto create the analysis database. Database files are given the exten-

sion .op3 automatically. Browsing

is available by clicking on the button at the

right of the filename box, or previously used names can be recovered using the
down arrow, also on the right. The units in which the model has been constructed
are selected at thistime. In the large box at the bottom, the user may enter amullti-

line title to describe the contents of

the database.

Model — Create analysis database

Create simulation for analysis E
% Create new database file " Add simulation to existing database
nalysis module

* Tosca magnetic ¢ Tosca electostatic € Tosca curent flow  © Scala
= Elektra 55 " Elekira %L ' Elektra WL [rotational] € Elekta TR
= Soprano 55 = Soprano EW
Units

’7(" Sl = CGS  mm ' Microns  Inches ‘
Element type

’7(" Linear " Quadratic i Mixed ‘
Surface element type

’7(" Linear " Quadratic i Mixed i+ Curved ‘

Database I mri

Test MRl magnet

Mon-linear analpsiz with 1010 steel and 1.0 T Meodymium lron Boron P

Cancel |
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Close the following message box after checking that the data has been defined
correctly.

Saving the M odel

Themodel is stored asa.opc file. The model can be stored at any time during the
process of creation (as shown on page 4-18) and can be read in again to alow
additions or madifications. The user may re-save the model using the name pre-
viously chosen or select a new name as follows.

File — Save as new model data

Enter the name nri in the name box. Thefile
extension will be automatically supplied to
create the file mri.opc.

The mode file created will not only include the geometry, attached labels, mesh
control parameters and data level assignments, but will also retain the boundary
conditions, material and volume properties, and the analysis settings for all the

types of analysis specified by the user. It is aso possible to save the modd with
its mesh in binary format, using Save model with mesh whichisalsofound on

the File menu.

File — Exit

Finish the Modeller.

The datafileis aso provided with the OPERA installation, in the sub-folder
Examples/3D, if required.
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Running the Analysis

M icrosoft Windows Platforms

After exiting the Modeller, the user accesses the OPERA Console window again.
From the OPERA-3d menu, select Interactive Solution. This popsup adiaog
from which the user can select the analysis program to be run (TOSCA) and use
the browser to select thefile mri.op3. Click on ok to start the analysis. A new win-
dow appears showing the progress of the anaysis.

Unix Platforms

After exiting the Modeller, control returns to the OPERA window. The user
selects the analysis type (TOSCA) and gives the name of the file to be analysed,
mri, without the .op3 extension. For an interactive solution, choose option n (for
now). The analysis startsimmediately in an OPERA window.

Running Analysisfrom the Model ler

The Modeller aso alows the analysisto be run interactively from Start analy-
sis on the Model menu. However, this requires sufficient memory (real and vir-
tual) to alow both the Modeller and the analysis program (TOSCA) to be active
simultaneously. Consequently, for this first example, solution from the OPERA
Console or window is chosen to minimise memory requirements to complete a
successful OPERA session.

Monitoring Progress

The program reports when major stages of the analysis are complete and the
amount of CPU and elapsed time used at each stage. To obtain a non-linear solu-
tion, aniterative method is used. Consequently, the same stages are repeated until
convergence of the solution is obtained. The following text shows the processes
that are performed for one particular iteration.
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Checking Nonlinear progress : 60.3scp, 1.0m elapsed
L2 norm of residual= 0.28201E+06
Calculating non-linear matrix : 36.2scp, 0.6 melapsed
Pre-conditioning matrix problem  :  0.3scp, 0.0 melapsed
DSLUCG iterations: 185 Relative change= 0.96030E-10
Iterative matrix solution : 19.7scp, 0.3méeapsed
Biggest residual = 31041.2862172744  for equation 14829
Newton:Relaxation= 1.00000000000000 Residual= 113888.128111167
Jacobean derivative relaxation factor = 0.957E+00
Maximum change at node 9797 (equation 9797)
Coordinates of node are  56.7553538538332 40.8781981722246 5.27539656577354  (cm.)

RMS change in solution= 0.430E-01 Maximum change= 0.398E+02 Relaxation= 0.100E+01

ITERATION 4 complete on 23/Nov/2001 at 16:02:23

The program prints out the amount of time the previousiteration took to seeif the
solution had converged and forms a new matrix of equations to solve by updating
the permeability distribution from the previous solution. It then solves the new
eguations and determines the over (or under) relaxation factor that will minimise
the L2 norm of theresidual. Finally, it determines both the relative RM S and max-
imum changes of the solution from the previous solution to see if the solution has
converged.

The convergence criterion is that the maximum change divided by the relaxation
factor should be less than the user defined convergence tolerance. This model
should converge in 9 iterations, and takes about 530 CPU seconds on a400 MHz
Pentium processor PC. A summary message of the total CPU and elapsed timeis
printed at the end of the analysis, after which post processing can begin.
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Post Processing

The post processing shown hereistypical of the major requirements for an MR
system. Many other features are available in the post processor and are covered

in other worked examples in the OPERA-3d U

ser Guide.

Microsoft Windows Platforms

From the oPERA Console window, select Post-Processor from the OPERA-3d

menu.

Unix Platforms

The oPERA window offers a choice of OPERA-3d modules again. The user enters

post.

L oading the Solution

When the post processor starts, the display shown in Figure 4.5 is obtained.

1= Post-Processor - [3d graphics] [_1O[ ] |
3d File View Dptions Figlds Integrals Trajectores Tables Conductors Windows Help -8 x|
zlen|eexerR-[ o [eloo]ols a0 rEl
coassN /o3 2msE||Esxxy ¥z z[Foso~ETEISe]
15/MNow/2001 121513 r UNITS
Length cm
Magn Flux Density gauss
Magn Field osrsted
2 - Magn Scalar Pot  osrsted-cm
Magn Vector Pat - gauss-om
Elec Flux Density  Clom™2
Elec Field Wiem
Conductivity Slecm
Cunent Density  Alem™2
Power W
Force N
Energy J
PROBLEM DATA
Mo data
oL
T
V¥ VECTOR FIELDS |
A

Figure4.5 Initial OPERA-3d post processor window
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The post processing features are accessed from the menubar or from iconsin a
similar way to the Modeller. Many of the icons are similar to the Modeller and
perform the same function. Keyboard accessis also obtained in the same way.

Load the solution file as follows:

Select Open Activate and Load =] e
1con Database file [ op3 =]
Simulation number [1
S .
= - Rieflections N
%Y Plane Z Plane 2% Plan \) , [
& None & Mone & None . - J,&Jw/ﬂﬂ”ﬂ !
P -
€ %Y Fields =0 € Y4ZFields =0 € 243 Fields = 0 - AN
€ ZFislds =0 € X Fislds =0 € YFislds =00 . Sy
A
Rotational spmmetry | 1
- Local Coordinate System
Origin F_ VECTOR FIELDS
’Vx | 0 v[o z[o ‘
‘ & Local ¥YZ = Global ¥YZ € Local ¥YZ = Global YZX  Lacal XYZ = Global Z4¥ ¢ Diher
Euler ang
(Thetalﬂ [0 psif0 ‘

Select the database, mri.op3 using the browser. Double clicking on the filename
or clicking on open in the browser entersthe file namein the Database File box.
Click on oK to load the file. Note that a message is given in the lower left corner
of the window to say that a TOSCA magnetostatic analysis has been loaded.
Details of the analysis data are given on the right side of the graphics area. How-
ever, the display area remains unchanged.
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Displaying the M odel

SelectDefault
select and
refresh icon

[ H

Thiswill select all materialsnot called air for
display by default. Note that the names of the
materials used in the Modéller - goods -
teel, cheapsteel andneo - are
selected. The operation of the 3d-Viewer inthe
post processor hasthe samefunctionality asin
the Modeller. A timer bar shows how the selec-
tion and display processis proceeding.

Replicating the M odel

For computational efficiency, only 1/8 of the MRI and the surrounding free space
was solved in TOSCA. The post processor allows the user to replicate the model
to obtain the complete magnet - which will be necessary to perform some of the
post processing calculations.

The reflections not only indicate the copies of the solved geometry but how the
magnetic field should be replicated in the symmetric copies. Clearly, they should
match the boundary conditions defined in the Modeller for correct display of the
results.

Use the radio buttons to create the full magnet. Then click on oK. Notethat this
removes the previous display of the geometry.

OPERA-3d User Guide

January 2002



Displaying the Model 4-33

Select Open Activate and Load [X] -
1con Database li\elm”-olﬁ jJ
E"&_ Sirnulation numberl" o I
- Fieflections e nanal
i #Y Plane %2 Plane Z¥ Plane
" Nore € None € None
" ¥+ Fields =0 " +Z Fields = 0 & Z4x Fields = 0
& ZFields =0 & ¥ Fields =0 © f Fields =0 weonses

Fiotational symmetry |1

i Local Coordinate System
i Origin

|0 v[o =[0

‘ @ Local%vZ = Global XYZ  Local XvZ = Global YZ%  Local %2 = Global Z=Y  Other
Euler angles:
’7Theta|9 e i

Cencel

SelectDefault | Theinitial view icon allows the complete
select and geometry to be seen.
refresh icon

[ H

SelectInitial
view icon

=

o

]
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Checking the Solution

Results on the Geometry

Results can be superimposed on the geometry. Component BMOD gives the mag-
nitude of the magnetic flux density

Select 3D dis-
play icon ~ R
Material colours &' Component contours ¥
- -~
ﬁ | Field componentlbmﬂd € ®
— Component limits | 1.,_
Minimumlx Ma:n:imumlx é‘ - .
™ Field wectors ‘ -
— Wector components: ‘ -
<[% v z[z o A=
— Wiew p
— Centre of picture
|0 ME z|o
— Rotation around axes
S E |20 z|o
Sige[117.6
V' Perspective view
Cancel |
Toggle out- The surfacefinite element meshisinitially dis-
line view of | played over the geometry aswell asthe con-
model icon tours. The mesh can be toggled on and off, as
Eﬁj can the coordinate system axes and contour
labels.

and Axes icon

=
?}{

The scale to the side shows the magnitude of the flux density in Gauss. The user
should check that the flux density values are about as expected. The maximum
value of the flux density should be about 20 kGauss and the minimum close to
zero.

|
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The user should also check that the direction of the field is correct - both in the
original model and the images. This can be achieved using field vectorsin the 3D
display but for this moded asimpler check can be made.

Fields at a Point

To interrogate the field at a specific point:

Select Fields Field on a straight point
_at a point Coordinates &
Icon ’7x|1n B z[i0 4
j lFieIu:I component I by

LK Cancel |

The value returned should be about +1870 Gauss. Note that the position of the
point is highlighted. Because of the symmetry of the magnet, the Y-component of
flux density values at (10, +10, +10) should also be positive and the same mag-
nitude. Check this by changing the coordinate values. If any of the values are neg-
ative, the reflections were not entered correctly when the complete magnet model
was |oaded.

]
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Field Homogeneity

Local
Coordinate
System

In MRI systems, it isimportant to have a volume of very homogeneous field. An
effective way of representing the homogeneity is as the coefficients of associated
L egendre polynomials.

The post processor assumes that it will compute the coefficients using a spherical
coordinate system, such that thefield is acting in the direction of itsZ-axis. Inthis
magnet, the field is acting in the Y-direction. Consequently, the first task is to
define alocal coordinate system such that its Z-axisis along the global Y-axis.

Options — Field points

Field Point Options

— Look for fields points in:

% |oaded simulation " &l active simulations

— Local coordinate system ongin

® c:ourclinatelD ' coordinate I 0 z courdinateID

— Local coordinate systemn ratation
' Local ¥vZ = Global $vZ  Local X2 = Global Y2% & Local 3vZ = Global Z5v & Other

Eiotation araund 2 I 0 Fratation araund newy I 0 Eiotation araund newz I 0
V¥ Abort commands if point outside mesh
[ i Cancel |

The orientation of the local coordinate system can be seen by making the coordi-
nate axes visible again.

Select Axes
icon

=

)

TheW axis of thelocal system (i.e. thelocal Z
axis) can be seen to be in line with the global
Y axis.
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L egendre Polynomial Coefficients

Thefield component is still set at BY from the previous Fields at a point eval-
uation, which is the correct component. The fitting to obtain the L egendre poly-
nomial coefficientsis performed on a sphere with a defined radius. The program
samplesthe field on the surface of the sphere and fitsthe results to the polynomial
expansion. These are reported in a separate window. The form of the polynomial
of order Nis
N n
B= Y Y PI(cos®) [ cos(md) + Br'sin(mo)] (4.1)
n=0m=0

The table of coefficients shown are the o and 3 valuesin this equation. The order
columns are n and m respectively. Consequently, the value of o forn=m=0is
the mean value of the dipolefield at thisradius. If the sphere contains no sources
(magnetic materials or currents), the associated L egendre polynomial isthe solu-
tion to Laplace's equation and this value will be the field at the centre of the
sphere.

Fields — Fit Legendre polynomials to values

Fit legendre polynomials to values on a sphere |

Contour companert I EY

Radius of sphere I 125

b a=imurm arder I 10

Print walues ta .
’7(' soreen § Opera3d_Post_nndp 7 both © neither

Cancel |

Providing the field satisfies Laplace’s equation, homogeneity on any other radii
spheres can also be evaluated by inclusion of an additional r™ multiplier in the
equation, wherer isthe radius normalised from the actual evaluation radius, i.e.

N n
B,= Z r" Z an( cos@)[oc?cos(mq)) + Bnmsin(mq))] (4.2)
n=0 m=0
As may be expected from the symmetry of the magnet, the largest harmonic con-

taminantsareat n =2, m= 0 (-0.98 Gauss) and n = 4, m= 0 (0.26 Gauss). These
probably result from the return flux through the legs of the magnet.

]
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Integral Fields In the above calculation, the values of field sampled on the spherical surface were
computed using the element basis functions. The program determines which ele-
ment the sampling point liesin and interpol ates from the nodally averaged values.
An alternative method of computing the field is to integrate the magnetisation of
the magnet. This has the advantage that the value computed at the sample point is
not dependent on the local mesh size. This is a fairly lengthy process, but for
many problems it gives improved accuracy. Note that the process can be aborted

using the Cancel button ﬂ

Options — Field calculations

Field Calculation Methods | |

— Fields calculated by
" nodal interpolation @ integration

— Eoil lieldz calculated by

¢ nodal interpolation € intearation

LR Cancel |

Fields — Fit Legendre polynomials to values

Fit legendre polynomals to values on a sphere |

Conbour component I B

R adiuzs of sphers I 125

b aimurmn arder I 10

Frint walues ta ..
’7r' soreen 0 Opera3d Post_nnlp & both © neither

Cancel |

|
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For ce Between Poles

Generally, force cal culations on magnetic objects are computed by integration of
the full Maxwell stress tensor over a surface surrounding the object. For a sym-

®,?

metric magnet such as this one, it is sufficient to compute the integral of 2u
0

on the mid-plane between the poles. Thisformulaisvalid for Sl units.

Changing the Even though the model was created in CGS units, it is possible to change the unit
Unit System system in the post processor.

Select Units Click on s1 Units followed by ok. Note that
icon the unitsin the graphics window are updated.

i
CGS

]
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It is necessary to re-display the geometry in the new units. The material colour
display is aso restored.

Select 3D Dis-

play icon
& Material colours " Component contours

JI Field componentIBMUD j

— Component limits

Hinimurm I : e awimur |

— Wector components:
w]% v z|z

— Wiew p
— Centre of picture
x]o ME z|o

— Ratation around axes
%16 E z|o

Size|15?.5

V' Perspective view

Corcel_|

Field Valueson a Plane

Before defining the surface over which the integration for the force will be per-
formed, the field calculation method is re-set to nodally averaged fields.

Options — Field calculations

Field Calculation Methods ||

— Fields calculated by:
& nodal inkerpolation € integration

— Coil fields zalculated by

% rodal interpolation £ integration

Cancel

Itisimportant that the integration captures all the flux that is passing between the
poles across the mid-plane. A circular plane that extends nearly to the legs of the
MRI achievesthis. The user definesthecircular planeinlocal (r, 0, 2) coordinates.

|
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The local coordinate system is still set with its local Z-axis aong the global Y-
axis, which is correct for the orientation of this model. Define the POLAR patch

asfollows:
Select Fields Field on a polar patch
on a P.°lar — First corner ...
patch icon B Theta [0 z|o

D | — Second comer ...
E Theta | 350 z|o

— Third comer ...

AT Theta | 360 z|o

— Fourth comer ...

R 1 Theta |0 z|o

— Murber of paints ...

on zides 1 and 3|1D on sicles2anc|4|'ID
| Evaluate and Map I Cancel |

Click on Evaluate fields

The force density, (By)2/(2u0), can now be plotted as a contour (zone) map. This
expression iswritten asby**2/2/mu0. Theintegra of theforce density will also

be returned.
Selectcontour i

™ Vectors

Data
3 ’7(-' Intemal buffer £ Extemal table file |

& Zonemap © Linemap ¢ Histogram ¢ Maone ¥ Replace evisting maps

or vector map ‘

Tt fie | =

Contaur component Iby“21‘2/mutl j
Component mits ——————————————————

’7M\nimum * Maimum | Hurmberaflines |10 [ Heiafit of histagram | SI<E/3
‘Wector components:

’7><|X YIY ZIZ ‘

™ Print values to Dperadd_Post_nlp

Concel

At the bottom of the graphics screen, a message shows the maximum and mini-
mum values of the component on the map (force density) and its integral (about
14290N).

]
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The number of evaluation points on the patch is very small (10 x 10). A more
accurate result will be obtained by increasing this.

SeleCt Fields Field on a polar patch e
on a polar — First comer ...
patch icon B Theta [0 z|o
{:} — Second comer ...
| R[0 Theta 350 z|o
— Third comer ...
AT Theta | 360 z|o
— Fourth comer ...
HI'I.'I ThetalD ZID

— Murber of paints ...

on zides 1 and 3 I 37 on zides 2 and 4 I 21

Evaluate fields | .. Ewaluale and ban..i Cancel |

Click on Evaluate and map

The force integral increases to about 15310 N. To be confident of the result, the
user should continueto increase the number of evaluation points on the patch until
the answers converge to an acceptabl e accuracy.

File — Exit

ends the post processor session.

|
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Chapter 5

Geometric Modeller Features

| ntroduction

Version 8.5

A simple model has already been built using the modeller, and various features
have been used in doing so. In this chapter, afuller description of many of the fea-
tures within the modeller isintroduced. Simple examples are used to describe the
various options available.

Cdlsand Bodies

A model isformed by creating a set of bodies and then assembling these bodies
using union, intersection and subtraction operations. Initially each body consists
of asingle cell. Materid labels and properties are attached to the cells.

When two bodies are joined together, this creates a new body which will contain
one cell if two touching bodies are unioned “with regularisation”, or two cells if
the union is performed “without regularisation”. The dataleve of the cells deter-
mines which cell properties are applied to the resultant body parts.

For a complete description of the Modeller’s operation, see the OPERA-3d Ref-
erence Manual.
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Picking entities allows the user to select entitiesin order to perform opera-
tions on single entities or groups, for example Boolean operations or
assigning materia properties. Entities can also be hidden from view to
allow views of other parts of amodel to be seen.

For these examples a set of 3 bodies is used to demonstrate the principles
of picking and hiding. These are created in the following way:

Create aBlock

FoE——— This createsthe first entity.
Marme : IBIDck one -
' Firzt corner
[ [ z|o
Opposite cormer
%[5 v|s z|5
; Cancel |
Create a sec- FoE——— Thl_s creates the second
ond Block Name - | Block two entity.
Firzt corner
ﬂ w5 [ z|o
then Inltlallse Opposite cormer
: xf10 ME z[10
the view :
Cancel |
z
Create athird FoE——— This creates the third entity,
Block Neme:[booktves
Firzt corner
ﬂ w8 w1 z|o
Opposite cormer
E |4 z[10
Cancel |

Notethat the third block sitswithin block two, and assuch it is not possible

to seeit at this stage.
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Selecting Bodies
Using the example model that has just been created the bodies can be picked by

first selecting the Pick entity button ﬂ and then selecting the Pick bodies

button ﬂ

Now when the mouse is moved over the model, the separate bodies are high-
lighted by acoloured edging. Once abody ishighlighted it can be sel ected by dou-
ble clicking the left mouse button.

Pick abody

[

Moving the mouse over Block one high- Body edges are highlighted
lights the body with a pink edge. in pink

Double clicking the left mouse button selects | Selected bodiesarecoloured
Block one. orange.

Moving the mouse over Block one high-
lights the body again.

Double clicking the left mouse button de-
selectsBlock one.

Version 8.5
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Selecting other Entities

In exactly the same way the cells, edges and vertices of the bodies can also be
selected.

Pick aface

(]

A face can be selected or de-selected with the
Pick faces button and then double clicking
the left mouse button on the desired face.
Faceswill be highlighted in the same way that
cells and bodies are.

Pick an edge

&

An edge can be selected or de-sel ected with the
Pick edges button and double clicking on the
edge required.

Pick avertex

&

A vertex can be selected in exactly the same
way.

Entities can be selected singly, as has been shown in the above example, or by
repeating the selection process more than one entity of the same type can be
selected. Using multiple selections allows the mesh properties or material labels
to be assigned to more than one entity at atime. Also when performing Boolean
operations primitives can be joined to form more complex bodies.

Hiding Entities

One of the three blocks that has been created in the above example is not easily
accessible for picking or viewing, so there are two ways in which some entities
can be hidden fromview to facilitate this. The first method will hide an entity until
the Unhide entities buttonispressed. Inthisway several entities can be hidden
from view and then made visible again with a single button push. The second
method is to temporarily hide a picked entity until the next action is completed,
whereupon the hidden entity will become visible again. Thisis most useful when
having to select bodies in a particular order to get the correct result from a

OPERA-3d User Guide

January 2002



Picking and Hiding Entities

Boolean operation and will be explained further in the section on Boolean opera-

tions.

Hide several
bodies

4| B

Double clicking on the bodies within the
model as they are highlighted will cause the
picked body to become hidden from view.
PickingBlock two will now hideit from
view making Block three visible.

PickingBlock one will dso hideit from
view leaving just Block three visible.

Un-hide hid-
den entities

|

By clickingontheUnhide entities buttonall
of the hidden entities are made visible again.

entities

s| &

Hiding picked

The other method of hiding entitiesisto hide
an entity that has already been selected using
thePick entity buttonand therelevant entity
button. If Block two isselected as before
the front face of block three can be partly seen
asit lies on the same surface asthe front face
of Block two.

Hide picked
entities

By now pressing theHide picked entities
button Block two will be temporarily hid-
den.

Now Block three canbeselected. Indoing
thisBlock two how become visible again.

Version 8.5
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Block two can now be de-selected by sim-
ply double clicking on it again when it is high-
lighted. ThisleavesBlock three asthe
only picked entity and now itsfront face can be
seen on the front face of Block two.

Reset Picked Entities

Once a set of entities has been picked and are highlighted in orange they can be

]

reset by simply pressing the Reset picked entities button .

Before moving to the next section, clear al the data using:

FILE |
Close
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Display Options

All objects created in the Modeller are composed of different types of entity
including bodies, cells, faces, edges and vertices. The relationship between these
entitiesis explored in this section. Entity selection and display along with the dis-
play of associated propertiesis also shown.

In this example a simple cube is created. The entities that make up the cube and
the properties associated with the entities are then investigated.

Bodies

The cube is created as a body. Bodies are picked to allow Operations such as
Boolean combination, replication or transformation.

Create ablock
Name:lbbCk
' First cormer
[ [ z|o
Opposite corner
%5 v |5 2|5
Carcel |

Pick the block | Move the mouse on to the block. Double click
as a body to select the object. Once selected the abject

ﬂ will turn orange.

Note that the body entity isahierarchical collection of cells, faces, edgesand ver-
tices. This means that once a body has been picked it can be moved or copied to
create other bodies. (See “Transforming Objects” on page -1). This will not be
donein thissection. A body has no properties associated with it. Only cells, faces,
edges and vertices can have properties viathe labels assigned to them. Labelsare
assigned to entities, and property values assigned to labels.

]
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Cdls

A body isgenerally made from one or more cells - although thisis not mandatory.
Any collection of geometric entities may constitute a body.

Reset the
picked entity

]

Double click the picked cube to deselect it or
usetheReset picked entities icon.

Pick cells

|

Double click on the cube.

Set the properties of the selected cells.

Properties — Cell properties

Material label I ran M I
Patential t_l,lpel Total jEIement lypel Linear j
Data storage level I 3

Yolume data label I core j

tesh contral parameters

M arimum element size I 2

b aximum angle between elementsl

M awimurn devistion from surfacel

[ ok | Default | Quit

Note: This colour may not
be the same as on your
screen.

TheMaterial and Volume label names are supplied by the user. The labels can be
used throughout the model. TheMaterial label isused to apply material proper-
ties etc. The Volume label is used to apply velocities, current densities, packing
factors and charge densities if necessary. The Material and Volume properties
themselves are set in the top Properties menu of the modeller. Once assigned a

OPERA-3d User Guide

January 2002



Display Options 59

material name, other cells with the same material properties are the same colour.
This can be changed (see below).

TheData storage level isanumber supplied by the user to indicate which prop-
erties take priority when cells are joined or merged. The higher the number the
higher the priority.

TheMesh control parameters areused to control the mesh around acell and are
discussed elsewhere.

The colour used for a particular material can also be changed.

Changethe Example of new colour.
colours Selection Colour I -
= evel
E|--Material
C .

H- Mame
& Potential
-- Size

-- Standard
E-Yolume

Change | Cluit I

4

Click on iron and then change. A colour
selector will appear where you can choose a
new colour. Enter Quit to leave the menu.

Faces

Faces are two dimensional geometric entities.

Pick faces Select the face in order to changeits properties
E (applying boundary conditions for example).
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Set the face properties:

Properties — Face properties

Set properties of picked faces |
Eoundary condition label I figld iz normal vI

D ata storage Ievell

Element t_l.JpeI Linear j
Meszh control parameters

M aximumn element sizel

b aximum deviation from Surfacel

b aximum angle betvween elementsl

k. Clear [t

E

The Boundary condition label is used to assign boundary conditions to the
model. The label can be used anywhere in the model and as many times as
required. The boundary conditions themselves are set in the Model — Set

boundary conditions menu of the moddler.

Create a sec-
ond cube

-l

M ame : Ib'DCk 2

First cormer

%[5 [ z|o
Opposite corner

w10 v |5 2|5

Cancel |

Re-initialise;

Pressthe Initial view button. Thisre-dis-
plays the geometry so that it fits on the screen.

Pick the new cube asacell, ready to set thecell
properties.

|
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Properties — Cell properties

Set its cell propertiesto Material steel.
L eave the other cell properties as default.

Pick faces: Pick the face on the new block as shown.

(]

Properties — Face properties

Usethe arrow at the end of the Boundary con-
dition label box to obtain alist of labels
already used.

Set properties of picked faces |
Eoundary condition label I figld iz normal vI

D ata storage Ievell

Element t_l.JpeI Linear j
Meszh control parameters

M aximumn element sizel

b aximum deviation from Surfacel

b aximum angle betvween elementsl
Ol I Clear [t

Pick faces: Select the face at the end of thefirst block, and
E set its face properties.

]
Version 8.5 OPERA-3d User Guide



5-12 Chapter 5 - Geometric Modeller Features

Properties — Face properties

Set properties of picked faces |
Eoundary condition label I field iz tangential vI

Data storage Ievell

Element t_l.JpeI Lingar j
Mesh control parameters

b aximumn element sizel

b aximurn deviation from surfacel

M aximum angle between elementsl
(] 3 I Clear Cluit

The boundary colours can be changed, as follows:

Change the
colours

K

Change colours Ed

- field iz tangential -

Element
Lewel

h aterial
Mame

- Potential
& Size

-- Standard
H-Volume

Change | Cluit I
i

Change the default colours to those shown
above.
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Change the Select items for digplay ——
selection: Options <

g . ) — Display | = P
Bl
'- Level ﬂl . \
?

-- td aterial Dizplayed Hide |

-- M arne
-- Patential Q‘ é
-- Size

B Yolume

Baszic optionz More options
Drefault Clear all [uit
2

Makesurefield is normal and field
is tangential areset to be displayed as
shown above.

Use Clear in the dialog box to remove the boundary conditions display.

Edges

Each face is made from a number of edges.

Pick edges: Select any edge on either block, ready to set
@ the edge properties.

Properties — Edge properties

The edge properties are used as an extramesh
control. Where 2 edges are coincident, the
Data storage level affects which mesh con-
trol sizetakes priority. The higher the number,

the higher the priority.
Set properties of picked edges
Mesh contral sizel Data storage Ievell
ok | Clear | Quit |

]
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Vertex properties may also be used for Mesh control. Test thisby picking any
vertex in the model and opening up the Vertex properties dialog box.
Before moving to the next section, clear all the data using:

FILE |
Close
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Boolean Operations

Boolean operations allow the user to combine simple primitives to build a solid
model geometry. Primitives can be combined in such away as the resultant body
can be a union of the starting bodies or the bodies can be used to subtract or trim
regions from the initial geometry.

The five basic operations are Union, Intersection, Subtraction, Trim Overlap and
Cutaway Overlap. The Union, Subtraction, Trim Overlap and Cutaway Overlap
operations can then be applied with or without Regularisation, which is the proc-
ess to remove overlapping or interna cells, faces, edges and vertices from the
resultant body.

In order to explain these operations a set of examplesfollow that go through each
of the seven options available to the user. For these examples three bodies are
used to demonstrate the principles which are created in the following way:

Create a Block Create a block
" I ame ; IB'DCk
Firzt corner
[ [ z|o
Opposite cormer
5 | 5 ¥ | 5 z | 10
E— |
Create a Create a sphere
Sphere Marme : IBEI"
o Centre of the sphere
| w0 L z|o
Fiadius I 3
Cancel |
Create a Cone Create a cylinder
é Mame : |Cone
Centre of the base of the cylinder
5 | 0 ¥ | ] z | 0
Centre of the top of the cylinder
A |0 z|10
Fiadi at the baseh ajor I 4 binar I 4
R adius at the tophd ajor I 2
Lk Cancel |

]
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Union With Regularisation

Thefirst operationtolook atistheUnion With Regularisation. Thisallowssev-
eral bodies to be combined to form a single body which consists of asingle cell.

Pick bodies Using the mouse sel ect each of thethree bodies
ﬂ ﬂ by double clicking the left mouse button as
each body is highlighted by a pink edging.

Operations — Combine bodies — Union with regularisation
The three bodies are now combined to form a
singlebody which consistsof asinglecell. The
status bar at the bottom of the Modeller win-
dow now shows that the model consists of 1
body and 1 cell.

Theundo button ﬂ can be used to return the solid model back to the point before
the Union was applied, or the primitives can be re-created to allow the next exam-
ple to be completed.

Union Without Regularisation

Thenext operation istheUnion Without Regularisation. Thiscommand allows
two or more bodies to be joined together such that the original cells are kept and
any intersections of the original cells will form new cells. The new cells created
can then have separate properties assigned to them to allow control of mesh den-

sity.
Pick bodies Using the mouse sel ect each of thethree bodies
ﬂ by double clicking the left mouse button as

each body is highlighted.

|
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Operations — Combine bodies — Union without regularisation

The three bodies are now combined to form a
single body. However as the without regulari-
sation option was chosen the overlap of the
original cells has created a set of new cells
within the body. This can bee seen by looking
athe status bar at the bottom of the Modeller
window which will now be showing 1 body

and 7 cells.
Hide cells The new cells can be seen by hiding the origi-
E E nal cells that formed the Block, Sphere and

Cone. Doubl e clicking theleft mouse button as
each of these cellsis highlighted will hide
these cellsuntil the Unhide entities button

E ispushed. Inthisway itispossibleto view
each of the new cells that was formed from an
intersection of the original cells.

| nter section With Regularisation

The next type of operation that can be completed isan Intersection. Thisresults
in a new body being created that is formed from the intersection of the starting

bodies.
Pick bodies Using the mouse sel ect each of thethree bodies
ﬂ ﬂ by double clicking the left mouse button as

each body is highlighted.

Operations — Combine bodies — Intersection with regularisation

The resultant single body isformed from the
intersection of the original three bodies. The
parts of the original bodies that were not inter-
secting are removed. Again the status bar
shows that there is now only a single body
which comprises one cell.

]
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Subtraction With Regularisation

The subtraction operation gives different results depending on the order in
which the bodies are selected. The first body picked will have the intersections of
the other selected bodies removed from it and the other selected bodies will be

removed.

Pick bodies

s| &

Using the mouse select each of thethree bodies
by double clicking the left mouse button as
each body is highlighted. Start by picking the
Block first and then the Cone and Sphere.

Operations —

Combine bodies — Subtraction with regularisation

The body that results from this operation is
formed from subtracting the Cone and Sphere
from the Block.

Pick bodies

[

Using the mouse select each of thethree bodies
by double clicking the left mouse button as
each body is highlighted. Start by picking the
Conefirst and then the Block and Sphere.

Operations —

Combine bodies — Subtraction with regularisation

By picking the bodiesin adifferent order a
very different resultant body will be formed.
The subtraction operation subtractsthe second
and third body from the first.

|
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Subtraction Without Regularisation

The subtraction operation can also be applied without regularisation. The
resultant body will then consist of asubtraction of the second and subsequent bod-
iesfrom the first one selected plus any facesthat lie on the surface of the removed
parts. This allows the user to leave behind faces that can then have mesh param-
eters set on them.

Pick bodies Using the mouse select each of thethree bodies

@ by double clicking the left mouse button as
each body is highlighted. Start by picking the

Conefirst and then the Block and Sphere.

»

0

Operations — Combine bodies — Subtraction without regularisation

The subtraction operation subtracts the second
and third body from the first but as the bodies
are not regularised the face that lay on the sur-
face of the block on the end of the cone has
been left. This face can now be used to apply
local mesh refinement etc. asit can have prop-
erties assigned to it.

Trim Overlap With Regularisation

Another type of operation isTrim Overlap which alowsthe user to remove parts
of bodies that overlap and ill leave the original bodies. In effect the command
issues a Subtraction but taking a copy of the original bodies first and replacing
these once the Subtraction iscomplete.

TheTrim Overlap operation isvery useful when adding volumes around regions
of interest so that the mesh can be controlled more easily. A hew body can be cre-
ated that overlaps an areathat requires afine mesh. If thisis picked first, followed
by the other bodies that overlap, then when the Trim Overlap command isissued
the new volume will fill the gaps around the area of interest. This new volume can

]
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then have a mesh parameter assigned such that a finer mesh is produced only in
thisarea

Create a Block Create a block
* M ame : Ibar
First cormer
|0 v|o z|o
Opposite comer
|1 v |1 z|s
o |
Pick bodies Select the block by double clicking with the B
. left mouse button.
- &
Operations — Copy
T p D vectar
& Displace ufz [0 wlo |
® G Fotation [sis and angle]
' Reflect UID VID WIT
 Scale
' Euler Angle |0
T~ Reflection (nomal vector to the reflsction plane) -
Numbevnftnp\esb—’VUID W L |
’VETI‘E v wlt |
el = F:‘:alﬂs P[0 i [ |
oo | Doy andkeep | 0.t
Create aCyI in- Create a cylinder
der _
M arne - Icyllnder
6] Centre of the base of the cylinder
><|1u Y|1.5 z|-2
Centre of the top of the cylinder
><|-3 Y|1.5 z|2
Radii at the base Mai0r|1-5 Minor|1-5
Radiuz at the tap Majar I 15
o |
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Pick bodies Using the mouse select the cylinder first, then T
ﬂ @ the four bars. :E - <
U

Operations — Combine bodies — Trim Overlap with regularisation
The resultant geometry still contains 5 bodies,
but the overlap between the cylinder and the 4
bars has now been removed.

Hide bodies By now hiding the 4 bars one by one the result
ﬂ @ of the operation can be seen more clearly. The
4 bars have been cut out of the cylinder.

Trim Overlap Without Regularisation

TheTrim Overlap operation can also be applied without regularisation. This pro-
duces a similar result to that achieved in the Subtraction operation in that the
intersecting faces areleft on the surface of bodies after the operation is completed.
Repeating the above example produces exactly the same result as the operation
with regularisation, because no faces are shared between the cylinder and the 4
bars. The operation can be tried out quickly by pressing the Undo button twice,
which reverts to the status before the last operation, and then applying the
Trim Overlap without regularisation.

Cutaway Overlap With Regularisation

Thelast type of operation isCutaway Overlap whichisvery similar to the previ-
oudly discussed Trim Overlap operation. The differenceisthat the cylinder of the
above exampleisused as a cutting tool to cut the overlapping partsfrom the 4 rec-
tangular bars. The operation isuseful when several entities shall betrimmedin one

]
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step. Again the cylinder has to be picked first, followed by the other bodies that
overlap, then the Cutaway Overlap command can beissued.

Create aBlock

-

Create a block

Mame : Ibar

First commer

AL v|o z|o
Opposite cormer

|1 v |1 z|s

Corcel_|

Pick bodies

s| &

Select the block by double clicking with the
left mouse button.

<

.
Operations — Copy
Ti D D wector
% Displace | u|2 v|n W|n |
" Rotate
Bt Hm;uun[emenu = :
e ol 9 i
© Euer gl [
Riefiection (normallvstor to the reflestion plane —————————
’VU|U v[o wlt |
Number of capies [
Sode
’VU|1 v wt |
Adkd label ]| - Euder el
’7Thetalﬂ PO Fsif0 |
oy | Copy andkeep_| it
Create acyl n- Create a cylinder
der

Mame : I cylinder

Centre of the base of the cylinder

><|1n Y|1.5 z|-2
Centre of the top of the cylinder

><|-3 Y|1.5 z|2
R adii at the baze Mai0r|1-5 Min0r|1-5

Radius at the top Mai0r|1-5

Corce_|
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Pick bodies Using the mouse select the cylinder first, then

ﬂ ﬂ the four bars.

Operations — Combine bodies — Cutaway Overlap with regularisation

The resultant geometry still contains 5 bodies
but the overlapping parts between the cylinder
and the 4 bars have been cut away from the 4
bars.

Hide bodies By now hiding the cylinder, the result of the
E ﬂ operation can be seen more clearly. The cylin-

der hasbeen |eft untouched, whereasthe 4 bars
have been trimmed.

Cutaway Overlap Without Regularisation

The Cutaway Overlap operation can aso be applied without regularisation. Sim-
ilar to the previous example this operation produces the same result to that
achieved in the operation with regularisation, as no faces are shared between the
cylinder and the 4 bars. The operation can be tried out quickly by pressing the
Undo button twice, which reverts to the status before the last operation, and then
applying the Cutaway Overlap without regularisation.

Before moving to the next section, clear al the data using:

FILE |
Close

]
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Transforming Objects

Objects can be moved or copied in a number of different ways. The Copy opera-

tion allows multiple instances of the object to be created.

In this example, a ssmple cone is created. The Transformation and Copy opera-

tions are then demonstrated.

Transformations

A body can be created in any convenient coordinate system and then moved to its
correct position later using Transformation. Transformation can aso be usedto

change the shape of abody.

Cylinder/Cone

<

Mame : ICDHB

Centre of the baze of the cylinder

L E z|o
Centre of the top of the cylinder

L E z|10
Radi at the basetajor I 3 Miror I 3

Fadius at the tophd ajor I 1

Ok I Cancel |

Pick bodies

s| &

Move the mouse on to the cone. Double click
to select the object. Once selected the abject
will turn orange.

Operations —

Transform
Apply transform =]
Transformation tupe 7~ Displacement vector
{* Displace ’VU|4 V|U WlU ‘
" Rotate
Fotat d
© Reflect UIUE”D ! — o oF
© Scale
© Euler Angle |9
I Refiection nomalvestor to e refedtionplanel————————————————
(u|0 v]o wlt ‘
Soalef
Add label - lrul‘ v wi ‘
Euier andle
’Vm ia [0 Frif0 psi0 ‘
Transform Transiom andkeep | qut |
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Use Transform and keep, to keep the object selected.

Changing the Under the Transform options, the shape of the body may also be altered using
shapeof abody  scding.

Operations — Transform

Apply tansform [x]
Transfomation type Displacement wector
" Displace {up v|D w|n ‘
" Rotate = )
itati
© Reflect uff ok 2o gl o wf
& Scale
£ Euler Ange |0
| Refledion nomal vestor o the reflestion plane) ———————————————
’VU|U ufo wii
Scal
boid label - ’7U|1 v[2 wl ‘
Euler ar|
’7Tht Jo il Faif0

Use Transform thistime, to deselect the object after making the transformation.

Select the Undo icon ﬂ once (or use Edit — Undo) to return the picked
(orange) cone to its original position. Note that even though two separate trans-
formations (Displace and Scale) have been used, this counts as one operation

when Undo is used.

]
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Making Replications of a Body

Many complex geometric models consist of repeated copies of asimple subset of
objects. A single copy of the subset can be defined and multiple replications
made.

Operations — Copy

Copy and transform i
T Displ vectar
' Displace ufs w5 wld ‘
 Rotate
% Bl H-ilt‘lihun[ax\s arid ] . ;
i v w
© Seake
© Euer sngls |
L |
ufo [0 wii
Mumber of capies [ 4
Seal
’7u|1 VE W ‘
st ] e
Theta |0 P[0 Fsif0
Copy Dopy andkeen | ot |

Note that the Number of
Use Copy to replicate the object and deselect copiesissetto4i.e. 4 new

the origina cone. copies are made.

View — Views — Initial view
or usetheicon:

|
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Picking — Pick entities by property

The model now contains 5 bodies, but all are
cdled cone.

Froperty |

B Element
B Material
B Mame

CONE

- Potential

Add | Toggle | Remowve | Gluit I

A
Click on add to pick all the bodies.
Operations — Copy
T i Di vector
% Displace u|n \/IEI W|1n |
" Rotate
g Fiotation [ais andlangle)
C e YL AL AL
' Euler Argls |
Reflection fnomeal vecter o the reflection plare) ———————————————
’7u|0 u[p Wi |
Mumber of copies |1
Seale
’Vu|1 [z w1 |
Add\ahel,—;, Euler angles
’VThataID Fhi [0 Fsif0 |
Copy I Copy and keep | Guit |

Use Copy to make one copy of the objects.
Pick bodies Pick 2 cones to produce the sel ections shown.

[
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The two selected cones are now copied also.

Operations — Copy

T i yesta
" Displace ufo [0 wTo ‘
& Rotate
@ Pt Fi A;nu (i d angle] - -
s ul vl v
© Evler Angie |35
Fefiesion lrormal vestori fhereleation plare]
{u|tI [0 wli ‘
Nurmber of sopiss |3
52l
’7u|1 V[ W ‘
Add label | B4
’7Thelaln Phi[0 psif0 ‘
Ce | Copy andkeep | i |
Use Copy to copy the objects.

Note that it is also possible to copy cells and faces. For example, if 2 overlap-
ping sphere bodies are Combined with a Non-regular union, the overlapping
cell can be selected and copied to a new location to create a new body. Copying

of faces isalso possible.

Before moving to the next section, clear al the data using:

FILE |
Close
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Sweeping Faces

Aswell as producing models using Boolean operations on primitivesit is possible
to extrude a volume by sweeping a face. This can be done in three ways; by
sweeping along a straight line, either perpendicular to the face or along a vector,
or by sweeping in an arc about a defined centre.

When afaceis swept the sides of the extrusion can be kept parallel or they can be
allowed to diverge or converge by setting a draft angle.

The original face can either be left in place or removed. Leaving the original face
in place will mean that the extruded volume produces a new cell within the body,
removing it means that the existing cell is extended.

The face being swept does not have to be asimple primitive face but can be aface
created from Boolean operations. However it must be aflat surface.

The direction of the extrusion is controlled by the face normal vector, which can

be viewed by selecting Face normal (picked faces only) from the
View — Vectors menu.

Sweep a Facethrough a Distance

Sweeping aface through a distance allowsthe starting face to be extruded in alin-
ear direction that is normad to the starting face.

Create a Block Create a block
Mame : |B|DCk

* Firgt corner
%|0 z|o

Opposite cormer

w1

z|t

Cancel |

Start with a simple block.

]
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Pick aFace Ensure that the Pick entity icon is pressed
and then select the front face (at z=1) by dou-
ﬂ E ble clicking on it when highlighted.

Operations — Sweep face

Sweep a face [ %]
— Sweeptype ——————— — Nomal sweep distance
& Digtarce Distarice | 3
 Wector
i~ Sweep along & vector
 Fotate p2ong
uf v] w|
— Tapering type !
& Mone — Batation [axiz and anale]
" Draft angle Az U I VI WI
Faint | | |
[rraft: anglel
Anale I
™ Remove the starting face
i

By not removing the starting face, the body is now made up of two cells which
could then have different material labels or meshes applied to them.

Sweep a Face along a Vector

Sweeping aface along avector also produces alinear extrusion but thistime there
is more control over the extrusion direction.

Create a Block Create a block
Mame : |B|DCk
' Firgt corner
%|0 z|o
Opposite cormer
w1 z|t
Cancel |
Start with a simple block.

|
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Pick a Face

(]

ing on it when highlighted.

Select the front face (at z=1) by double click-

Operations — Sweep face
— Sweep lype -~ Naormal sweep distance
 Distance Distance |3
& Vector
— Sweep along a vector
" Rotate p g
ujz v w1
— Tapering type !
& None = Fotation (2= and angle]
© Dralt angle Ais LII VI WI
Faint. L) | w
[raft anglel
Andle
I Remove the starting face

The face has now been swept along the defined vector from the position of the
starting face to produce the new shape. Again asthe starting face has been | eft the

body now consists of two cells.

Sweep a Face by Rotation

The Sweep a Face by Rotation isamuch more powerful command that allows

very complex shapes to be produced.

Create aBlock

-l

Create a block
Mame : IBIDck
Firzt corner
[ z|o
Opposite cormer
w1 z|1
Cancel |

Start with a simple block.

Version 8.5
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Pick a Face

(]

Select the front face (at z=1) by double click-

ing on it when highlighted.

Operations —

Sweep face

Sweep a face

—Sweeplype ——— - Momal sweep distance
" Distance Distance I 3
 Vector
= Sweep along & veckor
" Rotate o
uj2 w4 w1
— Tapering type !
& None — Rotation [axis and angle]
€ Draft angle Ais 1) ID VIW WID
Paint U [ 0.5 L w1
[raft anglel
Angle |-30
™ Remove the starting face
o | o |

The face is swept through an angle of -90 degrees around aline paralld to the V-

axis through a point that lies at -0.5, 0, 1.

Before moving to the next section, clear al the data using:

FILE |
Close
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Manipulating .opc and .sat files

The standard file extension for a data file prepared in the OPERA-3d modeller is
a.opcfile. Inorder to save amodel which hasjust been prepared in thisfile format
simply select

File — Save as new model data

and enter afilename. You will notice that in the File Type Filter only .opc filesare
available.

The format of the standard OPERA-3d file extension (.opc) is very similar to the
.sat file format. The .opc file will, however, contain some extra information, not
normally found in a .sat file, relating to conductor data.

In order to save the dataas a .sat file, the following procedure isto be adhered to:

Ensure that the Pick Entity iconisenabled.

2. Click onthePick Bodies icon.
3. Doubleclick on the entities you wish to save.
4. Select

Operations — Export picked bodies — SAT File
and enter an appropriate name in the dialogue box.

Note that certain information on the model specific to OPERA-3d, such as con-
ductor data, may be lost.

A .sat file can also be loaded and manipulated such that an OPERA-3d database
can be created from this file. Choose

File — Open

or use the file open icon H

In the dialogue box, select SAT files (.sat) from the filetypefilter. All .sat files
available in this directory should appear. Select the .sat file you wish to manipu-
late and subsequently click on open.

]
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Mesh control is an important feature of the Solid Modeller, asit allows the user
to refine a Finite Element Mesh in regions where fields are rapidly changing or
where greater accuracy is required. Mesh control is, in addition, critical to the
mesh generation process: poor mesh settings can lead to mesh generator failures.

The model of a simple C-cored el ectromagnet will be used to demonstrate some
mesh control features. Figure 5.1 illustrates the model, which constitutes of 4
cells, namely the iron cell, the airgap cell (air between the pole pieces), the
airin cell (air space inside the C-core) and finally the background (surround-

ing) air (not shown).

Figure5.1 A C-coreeectromagnet (surrounding air omitted)

Building the The following sequence is required to build the model above. It is assumed that
model the previous sections have been followed, so that full details are not required here.
Create 3 blocks with the following dimensions:

Name First Corner | Opposite Corner
Block 1 -10,-10,-10 10,10,10
Block 2 -5,-5,-10 55,10
Block 3 5,-1,-10 10,1,10

OPERA-3d User Guide

January 2002



Mesh Control 5-35

All three block are combined. However since Block 1 obscures the other two,
the following sequence is recommended.

Select Hide Select Block 1 inorder to hideitinitialy.
Entity fol-

lowed by Pick
Bodies icons

4| B

Select Pick Select Block 2 and Block 3.
Entityicon

5

Select Unhide | ThisunhidesBlock 1.
Entitiesicon

|

Select Pick Select Block 1, noting that Block 2 and
Bodies icon Block 3remainselected. All threeareinthis
ﬂ way selected, even though Block 1is

obscuring the other two.
Operations — Combine bodies — Union without regularisation

The C-core is now defined to be label Iron, with atotal potential.

Select Pick Select Block 1. Notethat thereisonly asin-
Cellsicon gle body, but 3 cells. The cells can be assigned

E properties separately.

|
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Properties — Cell properties
Compl ete the parameter box as follows:

Set properties of picked cells
Material label I Iron j
Patential t_l,lpel Total j Element t_l,lpel Liresar j
Data storage level I 4
Volume data Iabell j

Mesh contral p

M aximum element size I 2

Marimum angle betwast elementsl

I awimurn deviation from surfacel

Ok I Default | Guit

Model — Create model body
Model — Generate surface mesh

Follow this sequence to create the surface
mesh. Complete the parameter box to set max-
imum mesh sizeto 4.

Generate the surface mesh

Target maximum mesh element zize I 4

Mormal tolerance [degrees) I il

Surface fitting tolerance I Il

Absolute tolerance used to test point coincidence I 1.0E-06
cat|

Modifying the The mesh needsto be finein theiron (especialy near the airgap) and in the airgap
Mesh Properties  itself, where most of the MMF is dropped. In order to refine the meshin the entire
iron region the user would have to follow the sequence below.

Ensurethe Pick Cells E icon is enabled. To make changes to the moddl, it is
first necessary to delete the model body (note this does not del ete the component
parts of the model).
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Model — Delete model body
Select Block 3, theair gap.

Properties — Cell properties

Set Data Storage Level to 5, and Maximum
element sizeto 1.

Select Block 2,thecentral air gap, and setin
the cell propertiestheData Storage Level to
3, Maximum element size t0 3.

Model — Create model body

Model — Generate surface mesh

Compl ete the parameter box as follows when
creating the surface mesh:

Generate the surface mesh

T arget maximum mesh element size I 4

Mormal tolerance [clegrees]|3D

Surface fitting tolelancelD

Abzolute tolerance used to test point coincidence I 1.0E-08
carcel_|

]
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To further refine the mesh, some edgeswill be selected, and afiner mesh defined.

Model — Delete model body

Select pick Select the edges shown in the figure on the
Edges icon right.

&

Properties — Edge properties

Set properties of picked edges E2

Mesh control sizel‘I D ata storage Ievel|4
Ok I Clear | Quit |

Creating the mesh as before leads to the mesh
shown on the right.

Mesh control can also be used on faces of acell, and vertices. The former isuseful

if the mesh over the whole face needs to be refined. To refine around a specific
vertex, the following sequence can be used:

Select pick Pick the vertex indicated in the figure on the
Vertex icon right.

&
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Properties — Vertex properties

Set properties of picked vertices E

Mesh contral sizel‘I Data storage Ievel|4
Ok I Clear | Gluit |

Creating the mesh as before leads to the mesh
shown on the right.

Note that the data storage level helps to avoid ambiguities in the properties of
edges, faces etc. when the data is merged to form amodel body. Data set in a
greater storage level will always be kept.

Before moving to the next section, clear al the data using:

FILE |
Close

]
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Defining and Editing Conductors

Create a New
Conductor

In OPERA-3d conductors do not normally form part of the Finite Element mesh.
The modeller has a range of pre-defined (parameterised) conductor geometries,
such as solenoids and racetracks, though simple (generic) shapes are also availa-
ble and can be used to construct any conductor shape which is not already offered
in parametric form.

Asan example, the racetrack conductor for the C-cored electromagnet introduced

earlier can be defined by selecting the Racetrack icon: E and specifying the
settings in the four tabs of the dialogue box. The four tabs are shown following,
and they will produce the racetrack conductor of Figure 5.2.

Create racetrack conductor

R acetrack parameters ISource diives | Local coordinate systems | Symmetries |

Paint an crazs-section, % I 3 Paint an cross-section, v I 3

Crogs-section, & I 2 Cross-section, B |2

Half I'angthl1D Arc radius|2
au__|
Create racetrack conductor ]

R acetrack parameters | Source dives ILocaI coordinate spetems | Summetries |

Current density I 5
Tolerance|1-DE'D3
Drive label I ONE j

|
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Create racetrack conductor E

Racetrack parameters I Source drives | Local coordinate systems ISymmetries |

— Local coordinate spstem 1

LCS name of local coordinate system 1 I Global coordinate system j

— Local coordinate systern 2

><|4 Y | 75 = | 0
Theta |0 Phi| 90 Fsi |0
|
Create racetrack conductor

Racetrack parameters | Source dives | Local coordinate systems | Symmetries I

— Reflection in the =Y plane
V| Ma [ Yes I Inverss

— Reflection in the Y2 plane

¥ Mo [~ Yes I Inverse

— Reflection in the 2+ plane

W Mo [ ‘Yes I Inverse

Symmetry about global £ axis I 1

|

Figure5.2 Theracetrack conductor.

]
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Save the Model

Modify an
Existing
Conductor
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At this point it is recommended to save the C-core and the conductor in afile for
useinalater example, usingFile — Save as new model data....and
give asuitable file name.

In order to modify an existing conductor, the user would have to carry out the fol-
lowing steps.

Ensurethe Pick Entity ﬂ icon is enabled

PressthePick
Conductors
icon

-
“=

Double-click on the conductor to select it. In
thefigureontheright, theair regionswerefirst
hidden, but thisis not necessary.

Operations

— Modify Conductors — Racetrack

Activate and edit the Modify Conductors
Menu, which issimilar to the dialogue box of
page 5-40.
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Uses of Volume Data

Volume datais useful for setting the following attributes:
» Permanent magnet directions,

» Anisotropy,

e Current density assignment (for ELEKTRA-SS/TR),
» Velocity (for ELEKTRA-VL).

The use of the volume data to assign anisotropic properties to the iron of the C-
core magnet previously discussed will next be demonstrated. It will also be nec-
essary to define a Background region, extending from (-30,-30,-30) to (30,30,30)
in order to analyse the model. Alternatively, the datafile (.opc) is provided with
the OPERA installation (see the sub-folder Examples/3D) if required.

Figure 5.3 illustrates the B-field distribution in the C-core electromagnet. The
model was solved with non-linear magnetic properties for the iron (alinear rela-
tive magnetic permeability of 500 was also entered in the material properties
purely for the sake of completeness: the valuewill only be used if linear properties
are chosen instead).

3d Ele ¥iew Options Figlds Intearals Irajectories Tables Conductors Mindows Help ;lilll
etz R|-ro - noolse= 008

consoN /2R S mesB|Ex xw v 2z [@o=~SEEE oo

16/Naw/2001 15:20:31 UNITS

Length om
Magn Flux Density gauss
Magn Field cersted
Magn Scalar Pot  cersted-om
Magn Yector Pt gauss-cm
Elec Flux Densiy C/em™2
Elec Field Yiem
Conductivity  S/em
Current Density ~ Afem™2
Power w
Force N
Eneigy J

’DEDESQSSE <001

PROBLEM DATA
ccors.op3

TOSCA Magnetostatic
Narinear materials
Simulation Mo 1 of 1
103316 elements

18080 nodes

1 conductor

Nodaly interpolated fiekds

I_ 4 956745 +000

't VF VECTOR FIELDS |

Min (4. 95674430313578) at (10.0,-8 6EBAE02437R38 £ 73745192693744], Max (B8 342346353891 3] at (5.0,1.0,10.0) A

Figure5.3 B-field Distribution in the electr omagnet.
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Figure 5.4 illustrates the flux density distribution taken along aline in the iron,
just inside the racetrack coil. It can be observed that, due to the end winding, the
flux density ishigher near the edges of theiron, though theincreasein flux density
from the centre to the edge is smooth. Thisis also a natural effect, and is due to
the fact that end winding induced field can travel axially into theiron which is not
laminated.

T2 Post-Processor - D:\vl-work\c-core op3 - [2d graphics]
2d File Yiew Options Figlds Interals Trajectoies Tables Conductors Windows Help 18l x|
zén|Cece (R ro bloo|o||sx =0 0lE
ccnss\ 722w B||[Exxw vz z[FpsoREEE|S]e
16/MNov/2001 15:12:32 UNITS
Length cm
10001 agn Flux Density gauss
tagn Field oersted
- oot o
Elec Flux Density  C/om™2
|00 Elec Field Wiom
Conductivity S/em
00l g:&eer'\l Density Cj:mwz
Force M
B0 Energy J
PROBLEM DATA
S0.0- c-core.opd
TDSCA Magretastatic
Qo Mon-inear materials
Simulation Mo 1 of 1
wo- iyl
1 conductor
200 Modally interpolated fields
100
00 1 1 | | ]
Local X coord 0o 0o 0o 0.0 0.0 0o
Local ¥ coord 7.8 758 758 7.8 7.8 7.5
Local Z coord -10.0 6.0 -2.0 20 6.0 100
__ Component: BMOD, Integral = 774.342051265747
W~ VECTOR FIELDS |
v
Figure5.4 Flux density in theiron
In order to solve the same model but now with anisotropy, the user should carry
out the following steps (note that the steps would be similar for any model).
SelecttheHide | Double click on the Background region, if it

Entityicon

v

exists, to hideit.
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SelectthePick
Entityicon

5

and Pick
Cells

|

Double click on theiron

Properties —

Cell properties

Inthe Cell Properties table enter avolume Data Label (Say Vol Iron)

b aterial label I Iran

Potential t_l,lpel Tatal 'I Element t_l,lpel Linear "I

=

[ata storage level I 4

b axirmunn elerment

‘Yolume data label IVDUIDH j

Meszh control parameters

I aximum angle between elementsl

b aximum deviation from surface I

size I 2

Ok I Drefault | Gt

Version 8.5
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Model — Set material properties
Select iron, and under the Permeability tab check the Non-1linear button
and click on Packed.

Perrneability IPermitlivity I Conductivity |

I Linear V| Nondinear

™ lzotropic ¥ Packed ™ Anisatropic

— Magnetic properties
Mul He I

BH curve | %vfdir/bh/detault.bh 'IJ Phase Iagl

i hlaanetic praperties:

| | |
Hex] | z|
EH cume P<]| j J
BH curve (7] R
B curve 2] =
‘ 5l units LGS units 5| [mm) 5l [Inches) 5| [Microns) ‘

Ok | Apply I Set to air | Delete | Gt |

A

The default BH curve is available, and can be accessed by including the variable
svEdirs (for Windows operating system) or $vEdir (for UNIX operating sys-
tems) in the pathname.

To set the volume properties:

Model — Set volume properties
Select Vol _Iron which isthe volume property for iron. In the appropriate
box, set the packing factor to 0. 95.

Set VOLUME Properties E
I | = v

V:-:I Vyl Vzl

— Local arientation

[~ Local Y2 = global 572 [~ Local 472 = global v24 [~ Local Y2 = global 247 [~ Other

— Other orientation angles
Theta | il il

— Current density

Jxl J_l,ll le

Ratational velocity I

Packing factor I 0.95

Charge densityl

0k | Apply I Clear Delete Quit

|
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Figure 5.5 illustrates the result of aline graph of flux density in the anisotropic
iron (just inside the coil). End effects are now more pronounced at the edges of
the iron, as the B-field can no longer penetrate in the axial direction. In physical
terms this would imply that the final few laminations of the core will operate at
higher flux densities.

2d File Wiew Dptions Figlds Integrals Trajectories Tables Conductors Windows Help =
zan|eece i) -[co eloo[o|ssgm sl
coacoNJTR e mesB||Exxy v zz[* [lsn=ELES]e]

16/MNow/2001 15:25:52 UNITS
Length om
1000 Magn Flux Dersity gauss
Magn Field oersted
o Magn Scalar Pt cersted-cm
- MagnYector Pt gauss-cm
Elec Flux Density  Clem™2
00— Elec Field e
Conductivity Siem
Cunent Dersity  Alem™2
. Fower w
Force N
60.0 Erergy J
PROBLEM DATA
s0.0 oo opd
TOSCA Magnetostatic
40.0 Haordlinear materials
Simulation Mo 1 of 1
103316 elements
300 18060 nodes
1 conductar
200 Nodally interpolated fields
0.0
oo 1 ! ! 1
Local X coord 0.0 oo 0o 0.0 oo 0o
Local ¥ coord 7. 74 75 7.5 78 7.5
Local Zeoord  -10.0 £.0 2.0 20 60 10.0
Component: BMOD, Integral = 770.492646734199
¥V VECTOR FIELDS ]
Az

Figure5.5 Flux density in the anisotropic C-core
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Creating .op3files

The C-core electromagnet, shown in Figure 5.1, on page 5-34, can be driven at
multiple frequencies. In order to create a single database, containing solutions to
multiple frequencies, the user should select

Model — Analysis settings — Elektra steady state

ELEKTRA 55 analysis data

s; ' se nonvinear BH properties

7 Mlorliner araly:t: opiion: Elektra 55 analysis frequencies E

Wl awimurm urmter, of iterationsl21

50.0
Convergence tolerance I 0.001 100.0

— Analysis frequencies
50.0

M Mew frequency value I 500

Add Feplace | Insert | Delete

= o |

Z| A

Inthe Analysis data window the change button can be used to change (or add
to) the default 50Hz frequency simulation. New values can be typed in, and the
entry confirmed with the Add button. Entries can be deleted by clicking on them
and subsequently selecting the Delete button.

Inthe window called Create simulation for analysis, theAnalysis module
(solver to be used), Units, Element and Surface Element Type, Filename and
Simulation Title are entered. Thetitle of the simulation is entered in the area
provided under the database filename box. Surfaces can be assigned with adiffer-
ent type of element to the volume they enclose. A selection of Mixed Elements
adopts the default settings, as entered in the Cell Data and Face Data windows.
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To create a database (.op3) file, complete the parameter box after selecting:

Model — Create Analysis database

Create simulation for analysis

=]

%" Create new database file

" Add simulstion to existing database

— Analyziz module

" Elekhra 55 " ElekiraL
" Soprano 55 " Soprano BV

™ Toecamagnetic ©© Tosca electrostatic © Tosca curent flow ) Scala

™ Elektra YL [rotational] ©© Elektra TR

— Unitz

gl " OGS 0 mim  Microns " Inches
— Element type

' Linear " Quadratic &+ Mived
— Surface element type

' Linear " Duadratic  Mized % Curved

Databaze | Filename

Title of Problem

Cancel |

The same model can also be used to examine the transient behaviour of the elec-
tromagnet. OPERA-3d can be used to estimate how the flux builds up in the C-
corewhen atransient is applied to the exciting coil. Amongst othersthe following

functions are avail able:
« Step

* Ramp

* Sine

* Cosine

* User-defined Table

Version 8.5
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The latter option can be used to define the shape of the function to be applied to
the exciting cail, if none of the pre-defined functions available are appropriate.

The drive information is used by the OPERA-3d Transient solvers (ELEKTRA-
TR and CARMEN) to define the type of drive to be applied to each label. Drive
information can be accessed via

Model — Set drive properties
Set DRIVE TYPE data
— Elektra 55 and Soprano 55 Drive data
Phasze Iagl
— Elektra TR Diive type —— — SIN drive
roe Fnen:]uenc:_l,ll2DD Phaselq
a COS dri
= ive
v Sine - I o I
TEqUERC: G5E.
™ Cos i g
" Ramp Bamp timel
I Peak Feak timel
" Rise L
r Exponential rise tlmel
Table [switch on)
Switeh o timetable bl | .
I Table (switch off et enmetae iz} .
Switch of imetsble fie =)
Ok | Apply I Clear | Delete | Gt |

Drive labels, each corresponding to one (or set of) conductor(s), must be individ-
ually selected and assigned the appropriate properties. Note that different entries
are relevant to the variety of drives which are available. In thisinstance, a sinu-
soidal source has been selected and therefore the Frequency and Phase entries
must be filled in.

|
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In order to set up the transient solution the user should activate the ELEKTRA-TR
Analysis menu shown below. The preferred output times can be set by selecting
the Change button which will activate the output Times dialogue box.

Model — Analysis Settings — Elektra Transient

ELEKTRA TR analysis data

% Force linear BEH properties © Use non-linear BH properties

— Mor:linear analuss options:

fd Eimum umber af iterations I 21

t e rumber akterations @er imesteq I 21

Convergence tolerance I 0.001

— Timestepping options

Update method Elektra TR output times

& Simple © Adaptive Runge-Kutta © Fized Runge-Kutta
Iritial or Fized timestep | 0.01
b awirmum errar for adaptive mestepping | 1

— Dutput times
0o
Mews output time I 0.0E-4
Change |
Add Replace | Delete
v 4

Before moving to the next section, clear al the data using:

FILE |
Close

Version 8.5 OPERA-3d User Guide



5-52

L ocal Coordi

Chapter 5 - Geometric Modeller Features

nate Systems

Local coordinate systems can be used to ease the definition of the Finite Element
Model. For instance, should the definition of the same object be needed repeat-
edly, but at different positions, the body local coordinate system could be changed

in each instance, instead of its definition parameters.

A cylinder can be defined on the global coordinate system as follows:

der/cone

<

Create cylin-

Mame : Ic:ylindeﬂ

Centre of the bage of the cylinder

[ |2 z|o
Centre of the top of the cylinder

[ v|2 z|o
Fiadii at the baze Major I‘I Minorl‘I

Fradius at the top M sjor I 1

Cancel |

A dimensionally identical cylinder but with its axis parallel to the Z-axis, can be
defined by first creating alocal coordinate system and subsequently defining the

same cylinder on this new local system.

Use Undo icon ﬂ to remove the cylinder.

Create — Local coordinate system...

Cieate a local coordinate system (LC5) [ x|
Mame : I systemn?
r— Qrigin coordinate

w0 [0 z|o
i Euler angles defining LCS arientation

Theta |90 Fhi[0 Psi[%0

Cancel |
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Operations — Set working coordinate system (WCS) — Set to named LCS...

The previously defined system is available to
select:

Set Working Coordinate system by name [E3

<

LCS Name | system2 [
ok | ot |
Create Cyl | n- Create a cylinder
der/cone

Mame Icylindeﬂ

Centra of the baze of the cylinder

[ v|2 z|o
Centre of the top of the cylinder

AE B z|o
Radi at the base Maiol|1 Minorl'I

Radius at the top Major I 1

Cancel |

A cylinder can also be defined to be displaced from the original cylinder, in any
direction. The following settings define a cylinder displaced in the positive X

direction. Asbefore, usethe Undo icon ﬂ to removethe cylinder created above.

Create — Local coordinate system...

Create a local coordinate system [LCS) [ x|

Name | system3

— Origin coordinate
%5 vlo z|o

— Euler angles defining LCS arientation

Theta|0 Phif0 P[0

Cancel |
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Operations — Set working coordinate system (WCS) — Set to named LCS...

Select coordinate system Sy stem3.

Create cylin-
der/cone

<

Create a cylinder

b

Mame I cylinder

Centre of the baze of the eylinder

%]0 |2 z|o
Centre of the top of the cylinder
%|0 v|2 z|o

Fiadi at the base b ajor I1 tinar I1

Fadius at the top kajor I1

Cancel |
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BuildingaLibrary of Sub-Models

The Modeller allows usersto build amodel from several parts, which can be cre-
ated and saved separately. This example uses the C-core magnet, which has been
created in the section about Mesh Control on page 36 and saved in the section
about Defining and Editing Conductors on page 42. To illustrate how amodel can
be created from parts, this model will be loaded in twice.

The geometry of amodel or parts of amodel can be saved in two different types
of files (.opc file or .sat file). The main differences are that a .sat file cannot hold
any conductor, magnetic material, boundary condition or volume data. The .sat
files are the format of geometric model that allows data exchange between ACIS
based CAD systems. The .opc files are Vector Fidlds' extension to .sat to support
the OPERA analysis programs. Either type of file can be used to build up amodel
from parts.

Before starting this example, the Modeller should be reset to itsinitial state using
File — Close.

L oad the C-core example from the previous sections into the Modeller, using the

File Open icon: H and selecting the file from the appropriate directory. Use
Model — Delete Model Body, and then delete the Background region. A datafile
(.opc) is provided in the OPERA installation (see the sub-folder Examples/3D)
with the background region omitted.

Following this, the same C-core will be loaded a second time into the Modeller.
A new local coordinate system will be used to displace the second copy and to
rotate it by 180 degrees at the sametime.

Create — Local coordinate system
t
Marne : ISystem_for_E_Core o
— Origin coordinate » »
%[0 v[o z[o e
— Euler angles defining LCS arientation 4
Theta |0 Fhi [0 Psi[180 1
Cancel £

]
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Operations — Set working coordinate system (WCS) — Set to named LCS...

Set Warking Coordinate system by name [E3

LCS Mame I Systermn_for_C_Core j

ok | ut |

The C-core is again loaded into the Modeller, using: Create — Insert from
file... and selecting the appropriate file.

I TS S T S S N R

Based on this procedure, very complex models can be built up using parts from a
user defined library.
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Blend and Chamfer Edges

This example is self contained and needs no previous models. Therefore the
Modeller should be reset to itsinitial state using File — Close.

Blend and Chamfer are both operations which can be applied to edges of a vol-
ume. The Blend operation smooths an edge using a radius, whereas the Chamfer
operation smooths an edge by using a plane.

If the operations are applied to an “ outer” edge, material will be cut away; if there
isan “inner” edge, material will filled in. This givesatotal number of 4 combina-
tions, which all will be explained in this example.

Cl’eate a bl OCk Create a block
' MHame : |'3|0C=k
First carner
5 I i] ke I 0 z I o
Opposite cormner
x[4 v |4 z|4
coca |

Pick edgesand | Zoom in using the mouse and select the 4
Pick entity edges on top of the block. The selected edges

will turn orange.
R

Operations — Blend or chamfer edges...

Blend or chamfer edges
— Blend ar Chamfer

&% Blend = Chamnfer
— Blend optionz

Blend radius I 0.5

— Chamfer options

Charnfer distanice I

Second chamfer distancel

Gt |

]
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| In the next operation the bottom of the block will be chamfered.
Pick edgesand | Rotate the block using the mouse, and select
Pick entity the 4 edges at the bottom of the block. The

R

selected edges will turn orange.

Operations

— Blend or chamfer edges...

Blend or chamfer edges

r— Blend or Chamfer

" Blend & Charnfer

— Blend options

Blend/radius I 0.5

— Chamfer ophionz

Chamfer distance I 0.4

Second chamfer distance I 0.4

Gt |

The second chamfer distance in the example above has been chosen to be the
same as the first one, which will cut a 45 degrees section off the block. It isaso

possible to specify different values.

In the second half of this section a new cylinder will be defined, which cuts
through the block. This alowsblend and chamfer at an “inner” edge.

Create acylin-
der

<

Create a cylinder

Mame : Ic_l,llinder

Centre of the baze of the cylinder

%2 |2 z|2

Centre of the top of the cylinder

%2 v |8 z|2

Radi at the base Maiorl‘I Minor|1

Radiuz at the top Major I 1

Cancel |

|
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Pick body and
Pick entity

8w

Pick the cylinder and the block using the
mouse. The segquence is not important as the
next operation will beautnion with regular-
isation.

Notethat it is necessary to choose Union with
regularisation SO that only a single cell is
created, and to ensure all edges have no more
than two faces touching them (the edges are
not manifold).

Operations

— Combine bodies — Union, with

regularisation

Pick edge

iz

Select the edge on top of the cube, where the
cylinder meets the cube, as indicated on the
right picture.

It does not matter whether a 180 degrees sec-
tion or both 180 degrees sections are selected;
the program will always perform the operation
onthewholecircle (afeature of the underlying
ACIS kerndl).

Operations

— Blend or chamfer edges...

Blend or chamfer edges E3
— Blend or Chamfer
" Blend " Chamfer

— Blend options
Blend radiuz I 0.z

— Chamter options

Ehamter distance I 04

Second chamter distance I 0.4

[Juit |

Version 8.5
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The last operation will be a chamfer of the bottom junction. Use the mouse to
rotate the body and select the edge where the cylinder meets the cube.

Pick edge Select the edge at the bottom of the cube,
wherethe cylinder meetsthe cube, asindicated
ﬁ | on theright picture.

Operations — Blend or chamfer edges...

Blend or chamfer edges

r— Blend ar Chamfer
& Blend & Chamier

— Blend optiohs
Blend/radius I 0z

— Chamfer optionz

Chamfer distance I 0.4

Second chamnfer distanceln-3

it |

TheBlend and Chamfer operations can only be applied if an edge is not manifold
i.e. where more than two faces meet at an edge.

This can be demonstrated by using Undo ﬂ to return to the Boolean Union on
page 5-59 and making the Union, without regularisation. Thiswill create 4
cellsin the body and the edge at the junction of the cylinder and block will now
belong to four faces. When the chamfer or blend is applied the user will receive a
warning message.

Error reported applying blends.
non-manifold edge or vertex in or near blend
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Swift Selection of Entities

Reset the Modeller toitsinitial stateusing File — Close.

Create a pyrar
mid Name : | pyramid
.. | Mumber of sides I 10 Heightl8
Major radius at baselwi Minor radius at base lai

Major radius at top I 1

Cancel

This pyramid has many faces, and selecting them one by one needs 12 mouse dou-
ble-clicks. This can be reduced to 1 mouse double-click and a simple operation
by the following procedure.

Pick body and | Select the pyramid as a body.
Pick entity

& -]

Pick face Pressthe Pick face button. The pyramid is still selected as a body.

ﬂ_ | | Camponent | 1011 [ 1000 [ 12(00 | 2000 | 20001 |0 | Global coordinate system /J

Changetypeof | PresstheChange type of picked entities button. Asaresult of this oper-
picked entities | ation al faces on the selected body are selected instead. This can be seen on

2 the display of the entities, which are listed on the lower right hand side of the
A | Modeller window.

| Component [ 1101 [1i0) [12112) [30[01 | 20(0) |0 | Global coordinate spstem jl

The procedure can be very useful for example in electrostatic models, where the
faces of abody have to be selected to apply alabel for voltage boundary condi-
tions. Another application might be to select al edges of a body in one go and
apply Blend or Chamfer operations.

]
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This manual describes the electromagnetic field analysis programs within the
OPERA-3d environment. The analysis programsincorporate state of the art algo-
rithms for the calculation of electromagnetic fields and advanced finite element
numerical analysis procedures. A brief introduction to the use of finite elements
isgiven in section “ The Finite Element Method” on page 6-2 asan aid to applica-
tion engineers who need to understand the limitations of the technique and eval-
uate the validity of their results. In sections “ Codes of Practice” on page 6-6 and
“Solution Errors’ on page 6-7, some further discussions on good codes of prac-
tice, and techniques for reducing errors are presented.

Finite element discretisation forms the basis of the methods used in the analysis
programs. Thiswidely applicable technique for the solution of partia differential
eguations requires special enhancements to make it applicable to electromagnetic
field calculations. Access to these features is supported by the OPERA-3d pre
processor which providesfacilitiesfor the creation of finite element modd s, spec-
ification of complicated conductor geometry, definition of material characteristics
including for example, non-linearity and anisotropy and graphical displays for
examination of the data. Full details are given in the OPERA-3d Reference Man-
ual.
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The Finite Element M ethod
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The Finite Element method is used to obtain solutions to partial differential or
integral equations that cannot be solved by analytic methods. Partial differential
and integral equations describe the spatial and temporal variation of afield either
directly in terms of the field variable, for example the magnetic flux density B,
but more often using a potential function that is related to the Field by a gradient
(V) or curl (Vx) operation. The finite element method is generally applicable to
any problem with any type of non-linearity. The method is based on division of
the domain of the equation (volume of space in which the equation is satisfied)
into small volumes (the finite elements). Within each finite element asimple pol-
ynomial is used to approximate the solution.

The concepts used in finite element analysis are independent of the number of
space dimensions, however it is convenient to use a simple one space dimension
problem in order to make the algebra straightforward and explanatory diagrams
easy to view. Consider a Poisson type equation describing a potential function ¢
in one dimension:

The potential function ¢ might be an electrostatic potential, in which case p would
be a line charge density. In order to define ¢, boundary conditions are required,

these may be either assigned values of ¢ or its derivative g—i , for example:

(6.2)

Q)|Q)
x-S
1
o

In all electromagnetic field examplesit is essentia that the potential is defined at
one point in the domain at least, otherwise an infinite number of solutions could
be generated by adding an arbitrary constant to the solution.

To solve equation 6.1 using a finite element method the domain is divided into
line elements. A typical first order line element would have two nodes numbered
e.g. 1 and 2. Within this element the potentia ¢ will be approximated by alinear
polynomial:

O(X) = a+bx (6.3)
The electrostatic potential ¢ will be continuous over the domain, athough its
derivatives may be discontinuous if the permittivity € changes discontinuously.

The finite element model should be capable of representing this behaviour and it
is therefore convenient to characterize the polynomial shown in equation 6.3 by
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the values of ¢ at the nodes of the element and use the same nodal value to char-
acterize the polynomialsin other elementsthat meet at the node. A further simpli-
fication isintroduced by rewriting equation 6.3 in terms of nodal shape functions
N; defined such that:

N;(x) =1; X=X

- (6.4)
N.(x) = 0; X=X, J#1

where x; isthe x coordinate of nodei etc. The shape functions have the same pol-
ynomial form asthe ¢ approximation, and equation 6.3 can be written as:

O(X) = N1(X)91 + Ny(X) 0, (6.5)

The shape functions N; are usually expressed in termsof alocal coordinate system
in the element. This can be used to simplify the expressions and furthermore
avoids problems of numerical rounding errors. Using the local coordinate system
€ the shape functions can be written as:

Ny = 3(1-8)
N, = %(l+§) (6.6)
_1<E<1

The shape function for a particular node is only defined in the e ements that use
the node and is zero outside these elements. The approximation to ¢ is described
as having local support when nodal shape functions of this type are used.

The discrete method of approximating the potential ¢ using characteristic nodal
values and associated shape functions that determine the spatial variation of the
approximation provides the basis on which several alternative procedures could
be used to solve equation 6.1. Variational methods, least squares and weighted
residual procedures are three of the most frequently used. Weighted residuals
have wide application and they are used in the software to develop a numerical
solution. An approximate solution ¢ is determined by requesting that thisfunction
should satisfy:

JW(V - Vo -pydx =0 (6.7)

The weighted residual method can be used with either global (defined over the
whole domain) approximations to ¢ or the local approximations discussed here.
W is aweighting function from which the method gains its name. The Galerkin
weighted residual method is the best choice for the types of equation arising in
electromagnetism. In this case the basis functions approximating ¢ are also used
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for the weights. Equation 6.7 is often referred to as a strong form because of the
constraints it places on the functions that can be used in the approximation ¢ (the
first derivative would clearly have to be continuous over the domain). In general
aweak form of equation 6.7 is used to remove the derivative continuity require-
ment. This weak form is obtained by integrating equation 6.7 by parts (in more
than one dimension this involves application of Green's theorem). Integrating
equation 6.7 by parts to reduce the order of differentiation applied to ¢ gives:

b

[ b(vw- eV + Wp)dx—[w.sg_‘ﬂa (6.8)
a

where a and b are the limits of the domain of the equation. The weak form has
several advantages. the functions representing W and ¢ do not need derivative

continuity and the natural boundary condition on the surface of the domain %

has emerged. Equation 6.8 leads directly to a numerical solution method, using
the discrete finite elements and shape functions discussed above. Discretisation
of thedomain ab into line elementswith their associated nodes gives a set of inde-
pendent weighting functions (the shape functions of the nodes) from which a set
of equations can be developed by requiring that equation 6.8 is satisfied inde-
pendently for each weight function. The equation for weight function W, i.e.

shape function N;, is obtained from:

i
for all elements containing nodei. Taking all the equationsfor the different weight

functions together gives a set of linear equations, which written in matrix form
are:

KO =S (6.10)

where K is a coefficient matrix (often called a stiffness matrix because of the
background of finite elements in mechanics), ® is a vector of unknown nodal
potential values and S the known right hand side vector derived from the pre-
scribed line charge densities or assigned boundary conditions. An individual ele-
ment of the stiffness matrix consists of terms of the form:

b
Ky = [ VN, -eVNdx (6.12)
a

Notethat the local support of the shape functions means that although the integral
in equation 6.11 is taken over the whole domain, only elements containing both
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nodesi and j actually contribute. In the equations arising in electromagnetism the
matrix equation 6.10 is frequently non-linear because the value of € (or more fre-
quently u for magnetic fields) is dependent on the field intensity.

Non-Linear A Newton-Raphson method can be used to solve this type of non-linear equation.
Materials Givenaninitial solution ®, anew solution ®,,, ; isfound by solving the linearized

Jacobean system?:

-1
@, =®,-J R, (6.12)

n+1

where theresidual Ris given by

R, = K,®,-S, (6.13)

and the Jacobean J by

J
J, = 50 (K @, -S,) (6.14)

This method converges providing the initial approximation used to start the iter-
ationisnot too far from therea solution. Asit approaches the solution its conver-
gence becomes quadratic. In the context of non-linear finite element solutions to
the electromagnetic field equationsthe reliability of the Newton-Raphson method
isstrongly linked to the smoothness of the equation used to relate the permeability
or permittivity to the field.

To aid convergence, when the material property curve is not smooth or when the
initial solution is far from the final solution, a relaxation factor is used in
equation 6.12, which becomes:

®,,,=®,-al R (6.15)

n+1 n

where o is chosen, starting with 1 and multiplying by 2 (if the changein |R] istoo
small) or dividing by 2 (if the norm of the residua |R,, 4| would be greater than

|R,|) to find the value which minimises the norm of the residual |R,, 4| at the start
of the next iteration.

1. Thesubscript ‘n’ indicates the iteration number

]
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Finite Element Applications

The experience of the user hasbeen avital ingredient in the successful application
of finite elements to predictive engineering design. Large finite element systems
for mechanical design have a mystique associated with them, partly from their
origins as stand alone programs with atext file user input interface and a box of
paper as the output display, and partly as a result of the jargon that is used to
describe the element types and procedures available within the programs. It is
now impossible to consider the use of finite element analysis programs without
interactive pre processors for datainput, although these bring their own problems
if they do not interface well with the analysis programs and thus increase the
amount of knowledge needed to perform a calculation.

In electromagnetic field calculations specia finite elements are not needed to
solvethe equivalent of shell and plate geometriesthat are so common in mechan-
ical design. However, electromagnetic fields must usually be computed to much
higher accuracy than is needed in other disciplines, the geometry is frequently
complicated with awide range of dimensions and the actual result needed by the
user is often derived from the field solution by integration or differentiation. In
whatever form the results are required, the basic limitation of finite element solu-
tions is that the accuracy of the solution is related to the size of the discrete ele-
ments. Recent research has resulted in the development of techniques that can be
used to determinethe error in afinite element solution but thisis strictly only cor-
rect for problemswith linear materials. The adoption of these techniquesin finite
element programs will improve the reliability of results, but they do not help to
check that the finite element model and the physical problem are equivalent.

Codes of Practice

Users of finite element programs must prove that the model is consistent with the
physical problem. With electromagnetic fieldsit is often possible to perform sim-
ple calculations that give orders of magnitude answers as an essentia part of the
analysis. Until the accuracy of the model has been established it isirrelevant to
consider the discretisation errors. A code of practice should be established that is
followed whenever a new analysisis begun:

1. Ifitisappropriate solve asimplified two dimensional model of the system,
apply tests 2,3 and 4 (below) to that solution and then use the two dimen-
sional solution as aninitial check of the full three dimensional solution.

2. Oncethe three dimensional model has been defined, solve the simplest pos-
sible problem i.e. using linear materials either with unity or large relative
permeability or permittivity.
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3. Check that the solution has the symmetry that is expected. For example,
examine the fields on the boundaries of the problem to seeif they are as
expected.

4. Check that the solution agrees with simple line integral predictions or
images if infinite permeability approximations are applicable.

Only when a degree of confidence has been established in the model is it worth
beginning to consider the errors produced by the discrete finite element approxi-
mation. In many ways these errors are more straightforward to evaluate than the
accuracy of the model.

Solution Errors

The local error at a point within a finite element modd is strongly linked to the
size of the elements surrounding the point and weakly linked to the average ele-
ment size over the whole space, although this second source of error becomes
more important and less easily estimated in non-linear solutions. The relationship
between thelocal error in the solution and the surrounding elements’ sizeisgiven

by:
For linear shape functions

E(®) = O(IF) (6.16)
and for quadratic shape functions

E(®) = O(F) (6.17)

where E is the error, O means ‘of the order’ and h is the linear dimension of the
elements. This simple analysisis only true for square elements, but it is reasona-
ble to assume the worst case and use the largest dimension for h. Unfortunately,
these formulae only give the order of the error, the actual error is dependent on
the solution, or more precisely the geometry of the model in the vicinity of the
point. As an example consider a point close to the corner of a magnetised steel
cube, the field will be weakly singular at the corner. Given the same size discre-
tisation over the whole space, the errors will be far larger close to the edges and
corners of the cube. Thisis because the low order polynomials used in the finite
elements are not good at approximating the singularity. Cal culating the magnetic
field from the potential solution generally resultsin larger errorsin the field than
there were in the potential.

Differentiation of the finite element shape functions to determine the field gives

an error in the field that is worse by O(h'}). In the case of linear shape functions
this resultsin an error in the field O(h). In the analysis modules specid facilities
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have been included in order to reduce the errors in the fields that are computed
from potential solutions. Two methods are available that increase the field preci-
sion; the best method depends on the problem being solved (see sections on accu-
racy in the following chapters). Nodal weighted averaging improves the field

accuracy to O(h?). The volume integration technigue does not improve the order
of theerror, but it enablesthe variation of the field to be calculated very accurately
remote from magnetic, dielectric or conducting regions.

The programs use error estimation techniques to produce local and global errors
inthefields derived from potential solutions (See* Solution Accuracy” on page 3-
9.). These displays show where the finite element discretisation needs refinement
as well as showing the error. However, even with these features, it is important
that the user of afinite element program carries out anumber of analysesto exam-
ine the effect of element size on the solution. Using the ideas introduced above it
is clear that the best approach is to solve the same model with two levels of finite
element discretisation or with the same discretisation but using linear elementsin
one case and quadratic elementsin the other. Taking as an example the use of two
levels of discretisation, such that the e ement dimensions are halved in the second
case, the case with the larger number of elementswill have solution errorsthat are
4 times smaller (the errors in the fields evaluated by differentiation of the shape
functions will be halved). Examination of the changes between the two solutions
will give agood estimate of the discretisation errors, but not, as pointed out in the
previous section, any indication of the accuracy of the model.

This approach is very good for two dimensiona discretisations, but in three
dimensions the 8 fold increase in the number of nodes quickly becomes prohibi-
tivefor al but the simplest geometries. When increasing the overall discretisation
becomes too expensive it is necessary to carry out more trial analyses, in each
case choosing particular regions of increased discretisation to determine the sen-
sitivity of the solution to the change in element size. An experienced user will
have learnt how to minimise the number of trials as a result of carrying out this
type of experiment on a number of different geometries. Unfortunately a little
knowledge may be a dangerous thing! Even experts cannot rely completely on
their past experience. Results must aways be critically examined on the assump-
tion that they areincorrect. The adoption of error analysistechniquesin finite ele-
ment programs does not reduce the user’s responsibility for the quality of the
results.
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TOSCA, Satic Field Analysis

I ntroduction

This section describes the electromagnetic field analysis program TOSCA. The
program is based on a program of the same name which was developed at the
Rutherford Appleton Laboratory in England. It represents the results of many
yearsresearch, devel opment and application experience. TOSCA has been further
extended and is now one of the analysis programs of the OPERA-3d Vector Fields
Electromagnetic Analysis Environment.

TOSCA can be used to compute current flow, magnetostatic or electrostatic fields,
including the effects of non-linear mediain three dimensions. The program incor-
porates state of the art algorithms for the calculation of electromagnetic fields,
advanced finite element and non-linear equation numerical analysis procedures.
In the following sections, the algorithms used in TOSCA are described so that
users are able to relate the finite element model to their application problem.

The TOSCA Algorithm

TOTAL and Three dimensional stationary electromagnetic fields can be represented as the
REDUCED sum of asolenoidal field and arotational field. In electrostatic fieldsthereis never
Magnetic Scalar @ rotational component, the field can therefore always be defined using the elec-
Potentials trostatic potential (V). The electric field intensity (E) is given by:

E=-VV (6.18)

Thedivergence of the electric flux density (D) isrelated to the charge density (p):

V-D=p (6.19)

Combining equations 6.18 and 6.19 and introducing the dielectric permittivity

tensor (g) givesthe usual Poisson’s equation description of the electrostatic poten-
tial:

V.-eVV = —p (6.20)

where D = €¢E.

A similar equation arises for current flow problems,

]
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V.6VV =0 (6.21)

where ¢ is the conductivity, and J = GE.

Stationary magnetic fields on the other hand in general consist of both solenoidal
and rotational components. The field produced by electric currents has a rota-
tional component inside the volumes where the currents flow. In the exterior
spacethefield is solenoidal but the scalar potential is multi-valued. Thefield pro-
duced by magnetised volumes is solenoidal. It is convenient to use a splitting of
the total field into two parts in order to obtain a description of the field in terms
of asimple scalar potential.

The total field intensity H is defined using the reduced field intensity (H,,,) and
the conductor field intensity (Hy):

H = H,+H, (6.22)

The reduced field intensity can now be represented using the reduced scalar
potentia (¢):

H., = -Vo (6.23)

and in the case of stationary magnetic fields where the exciting currents are pre-
scribed, the conductor field intensity may always be directly evaluated by integra-
tion:
JxXR
3
IR|

He= | dQ, (6.24)
QJ

The divergence of the flux density is always zero. Introducing the permeability
tensor (u) and combining equations 6.22 to 6.24 gives the partial differential
equation for the reduced scalar potential (¢):

IJXR

V'uV(l)—Vq,{ 3dQJJ =0 (6.25)
o, IRl

This equation, like the Poisson’s equation for electrostatic fields, can easily be
solved using the finite element method. However the reduced potential formula-
tion for magnetic fieldsis not acceptable. Large errorsare found in the total fields
computed by this method.

The errors arise because the space variation of H,,, and Hg will be quite different
if oneisrepresented using derivatives of the finite element shape functions (alow

|
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order polynomial in xX) and the other using direct evaluation of the integral in
equation 6.24. This effect combined with the possibility that H,, and Hg will

strongly cancel in some volumes of the space leads to magnification of the errors
in the approximate solution for H,,,.

The cancellation problem is particularly critical in the interior of non-linear mag-
netic materials, where the magnified errors destroy the accuracy of the Jacobean
matrix used for Newton iterations. It is aso very undesirable when magnetic
shielding is being designed since the largest errors will occur in volumes where
the shield is most effective.

The above difficulty can be completely avoided when currents are not flowing in
the magnetic materials. Exterior to the volumes where currents flow the total field
can be represented using the total magnetic scalar potential (y):

H=-Vy (6.26)
where the total magnetic scalar potential satisfies:
V- uVy =0 (6.27)

By combining the two representations (the total and reduced scalar potentials)
cancellation difficulties can be completely avoided. The minima combination
consists of using the reduced potential only inside volumes where currents flow
and the total potential everywhere else. This has practical limitations in that the
reduced potential volume may have a complicated shape and cutting surfaces
would need to be specified in the total potential space to maintain asingle valued
potential. For these reasons simple singly connected spaces are generally used for
the reduced potential volumes. Facilities exist to perform the cuts automatically
within the software - see “Multiply Connected Regions’ on page 7-15 for more
information.

In exceptional circumstances, whereit impossible to create singly connected total
scalar potential volumes, it is possible to use reduced scalar potential within mag-
netic materials. Because of the cancellation problems described above, such
reduced scalar potential volumes should be as small as possible and away from
regions where accuracy is critical. Reduced scalar potential must be used in mag-
netic material carrying source currents.

On the interface between the total and reduced potential spacesthe two potentials
can be exactly linked together by applying the conditions of normal B and tangen-
tial H continuity. This involves evaluation of the normal field produced by the
conductors and the scalar potentia that could be used to represent the conductor
field on theinterface surface. Practically, this also makes the method more attrac-
tive than the straightforward reduced potential formulation. Evaluating the fields
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from conductors although well defined, is expensive. The reduced potentia for-
mulation requires that the conductor fields be eval uated throughout the non-linear
magnetic material volumes. Thetotal potential on the other hand only requiresthe
conductor field to be evaluated on the interface surface between the reduced and
total potential volumes for the solution of the equations. However, the conductor
field is needed throughout the reduced potential volumes to obtain the total field
during post processing. It is aso needed within volumes defined as reduced
potential within magnetic regions.

Boundary Conditions

Boundary conditions are used in two ways. Firstly they can provide a way of
reducing the size of the finite element representation of symmetrical problems.
Secondly they are used to approximate the magnetic field at large distances from
the problem (far-field boundaries).

General Problem symmetry and the symmetry of the fields are implied by the potential
boundary conditions applied to the finite element model. The simplest types of

boundary condition are shown in the following table (where n is the normal unit
Table 6.1 Boundary Conditions

Magnetic Fields Field Symmetry | Scalar Potential
TANGENTIAL MAGNETIC H-n=0 9 _
on
NORMAL MAGNETIC Hxn = 0 ¢=constant

Electric Fieldsor

Current Elow Field Symmetry | Scalar Potential

TANGENTIAL ELECTRIC En=o0 v
=0
NORMAL ELECTRIC Exn =0 V=constant

vector to the surface being considered). Notethat in thetable, ¢ refersto either the
reduced or total scalar potential. Boundary conditions on the reduced scalar
potential only affect the reduced field intensity.

In electrostatic fields electrode surfaces will obviously have assigned potential
boundary conditions (V=value). In the anal ogous current flow problem (for which
TOSCA may aso be used), it may also be necessary to assign non-zero derivative

boundary conditions (dV./dn =value) to defineimpressed currents. Mixed bound-

|
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ary conditions defined by v+ ocg—\rf = B are adso available to model polarisation

potentials produced by corrosion of metal surfaces. Except for these cases, the
other boundary conditions shown in the previous table above should only be
applied to the exterior surfaces of the finite element model. The default condition
that will always be applied if no boundary condition is specified on an exterior

surfaceis:
Table 6.2 Default Boundary Conditions
Magnetic Fields Field Symmetry | Scalar Potential
TANGENTIAL MAGNETIC H-n=0 30 _
an

Electric Fieldsor

Current Flow Field Symmetry | Scalar Potential

TANGENTIAL ELECTRIC E-n=0 vV
Fri 0
Nodal Field The default boundary condition is only weakly satisfied even when it is assigned
Extraction to asurface. ‘Weakly satisfied’ meansthat it is applied as an integral over the sur-

face patch for each shape function sub-domain. Examination of the field solution
close to a surface with the default boundary condition will reveal that the normal
component is not zero. The magnitude of the normal component reflects the local
accuracy of the solution unlessit isthe result of amodel error. Such an error may
arisein areduced potential region if the conductor’s field does not have the same
symmetry as the finite element model. On the surface itself however, the normal
component is forced to be precisely zero by the post processor.

The fields computed by taking derivatives of the finite element shape functions
will be discontinuous, but in each element the potential boundary condition will
be exactly specified. The field smoothing processesin TOSCA (nodal averaging,
see the notes on accurate field computation in section “Accurate Fields’ on
page 6-16) must take this into account, and hence the true boundary condition is
forced at these surfaces to ensure accuracy is maintained as far as possible.

Unigueness A potentia boundary condition must be specified on at least one surface of asca-
lar potential problem. This gauges the scalar potential and without it the solution
will not be unique. Any constant value could be added over the whole space,
although the implementation in TOSCA constrains zero to be the only valid
assigned potential boundary condition within reduced potential volumes. In

]
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TOSCA this condition is satisfied by one surface in the problem having an
assigned potential.

If no surface is assigned a value for the potential, one point is arbitrarily chosen
by the analysis to have a zero potential, enforcing a unique solution.

Electromagnetic fields are frequently not contained within a finite volume. In
practice, at long distances from the device producing the field, the distribution
will be modified by the local environment, but this will not effect the field close
to the device. Except where the interaction with the far environment is of interest,
thefield from an isolated deviceisusually required. A simplefinite element mesh
obviously has afinite extent and applying either potential or derivative boundary
conditions on the open boundaries will perturb the true infinite domain solution.

There aretechniquesthat accurately model the infinite domain. On aconvex outer
surface a series of rings of elementswith increasing size may be recursively gen-
erated automatically (ballooning) or a boundary integral solution for the exterior
domain may be coupled to the interior finite element solution. These techniques
are relatively expensive in three dimensions and approximate methods may be
used instead. The approximate methods include matching a convex outer surface
to finite elements that extend from the surface to infinity and which have appro-
priate decay functions, and the standard approach of extending the finite element
mesh to a distance where the field truncation has no effect on the regions of inter-
est.

It is recommended that the mesh be extended to a reasonabl e distance with either
potential or derivative boundary conditions applied to the outer surface, so that
the truncation has an insignificant effect on the region of interest. The effect of
truncation can be estimated by observing the tangential component of thefield on
an open boundary with a derivative boundary condition. Half the field observed
on such aboundary is being reflected back from the exterior. Combining thiswith
knowledge of the probable decay in the exterior space will give an order of mag-
nitude for the effect of the truncation on the regions of interest. In a particularly
sensitive application a further test should be applied. Two problems should be
solved, one using potential boundary conditions on the open boundary, the other
using derivative conditions. These problems represent the model in an infinite
array of similar problemswith either the opposite or the same sign of field in alter-
nateimages. In general the two solutionswill bound the correct answer. It isoften
found that the derivative condition is closer to the real solution. It would in fact
be exact if the open boundary surface was a constant flux surface. Use of thissim-
ple approach gives an estimate for the effect of the far field boundary truncation
and thisiswhy it is recommended.
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It is worthwhile considering the significance of the potential type interior to the
open boundary surface. With a total potential interior to the open boundary sur-
face both the conductor and iron fields will be reflected at the surface. On the
other hand, if areduced potential isinterior to the open surface only theiron fields
will be reflected at the surface. This effect may be used to minimise the perturba-
tion caused by the truncation.

For example, if the problem consists of asmall volume of iron, interior to alarge
conductor system, the reduced potential at the open surface will clearly give much
smaller errors produced by the approximate open (far field) boundary condition.
The relatively small field from the iron will be the only component reflected in
the false open boundary.

An alternative example is one where the conductors are contained inside an iron
shield. In this case the total field at the open boundary will be much smaller than
the conductors’ field (if the shield is effective), atotal potential next to the open
boundary surface will therefore give much less perturbation in the regions of
interest.

The potential and derivative boundary conditions discussed in the previous sec-
tions are the most common in nearly all applications. There is one other class of
boundary condition that frequently occursin electrical machine design. When the
problem has rotational symmetry about an axis or displacement symmetry, with-
out any reflection symmetry in the same symmetry group, it is not possible to
identify surfaces where the field is normal or tangential. The complete model
could be defined but thiswould be unnecessarily expensive. In problemswith this
type of symmetry, pairs of matching surfaces can beidentified where the potential
values have the same sign and magnitude (positive) or the reverse sign but equal
magnitude (negative). Intermsof fields, for rotational electric machine problems,
this trandates to the radial and azimuthal components of field on the boundaries
being identical (positive) or equal but opposite (negative).

The surface pairs must possess an exact, linear, point matching mapping - com-
plete congruence is essential. This congruence of the surface pairs applies not
only to the field symmetry but also to the finite element discretisation used on the
surfaces, if periodicity conditions are to be used with TOSCA.

The surface pairs must be identified before the finite element model is defined so
that the two surfaces can be defined with congruent discretisations. In TOSCA the
surfaces with periodic boundary conditions are marked as having symmetry
boundary conditions, and a geometrical symmetry group operation is defined that
makes the surface pairs exactly overlap. The symmetry group operations are rota-
tions, displacements or a combination of rotation followed by displacement. The
symmetry group operation for aparticular surface pair should transform the nodes
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from one of the surfaces so that they become coincident with their matching nodes
on the other surface. The sign of the periodicity condition (positive or negative)
is defined with the symmetry group operation.

Although the above discussion concentrated on pairs of surfaces, the technique
can be applied to any number of surfaces. A set of symmetry group transforma-
tions can be defined, one of which may bring two symmetry surfaces into coinci-
dence, another may make a third surface coincide with one of the first pair. In
general thishigher order periodicity isonly found under displacement group oper-
ations.

Since the periodicity condition matches al points on one surface to those on
another, it is essential that the distribution of points on each surface is identical.
This can only be ensured if the faces with periodic boundary conditions have reg-
ular surface meshes.

Accurate Fields

The total and reduced potential formulation used in TOSCA allows a magneto-
static problem to be defined with many possible combinations of potentials. The
only restriction isthat the total potentia should be used inside magnetic volumes
and the reduced potential inside volumes where currents are flowing. Apart from
these restrictions, the distribution of potential types may be chosen to give opti-
mum accuracy for particular applications. One aspect of this has been mentioned
in section “ Total and Reduced Potential at the Open Boundary” on page 6-15 and
“Boundary Conditions” on page 6-12. The following table identifies particular
classes of problem, and showsthe recommended potential typein aparticular vol-
ume of space.

Inthetable: ‘Nodal’ refersto the nodally averaged field output option; ‘ Integral’
to the option where the field from the magnetic volumes are computed by evalu-
ating the magnetisation from the potential solution and then computing the field
by volume integration of the magnetisation.
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Table 6.3 Potential Types

_ Field Recovery
I Potential
Problem Description Type from from
mesh |conductors
Homogeneous Field
Conductor field » Iron field
Closeto theiron Reduced |Nodal Integral
Far from theiron Any Integral  |Integral
Homogeneous Field
Conductor Field = Iron Field
Homogeneous conductor field |Any Nodal Integral
Inhomogeneous conductor field | Total Nodal Integral
or if total cannot be used Reduced |Nodal Integral
Homogeneous Field
Conductor Field = —Iron Field
Homogeneous conductor field |Total Nodal Any
Inhomogeneous conductor field [Total Nodal Any
or if total cannot be used Reduced |Nodal Integral
Homogeneous Field
Conductor Field « Iron Field  |Any Nodal Integral
Peak Field on Conductor Reduced |Nodal Integral
Inhomogeneous Field
Conductor Field » Iron field Reduced |Nodal Integral
Conductor Field « Iron field Any Nodal Integral
As above but far fromiron Any Integral  |Integral
Conductor Field = Iron field Any Nodal Integral
Conductor Field= —lronfield |Total Nodal Integral

Thetable does not cover al eventuaitiesand it may help to explain why the com-
binations are recommended. First, the use of total potential in volumes where the
conductor and iron fields cancel is the basis on which the TOSCA algorithm was
designed. Thistakes precedence over all other considerations. Finite elementsare
good at representing uniform fields and by implication, not so good for varying
fields. If the combined conductor and iron fields produce auniform resultant field,
then it isbest to use thetotal potential in such volumes. However, if the conductor
field ismuch greater than theiron field, it is best to use areduced potentia in this
volume because the conductor fields are essentially exact.

When TOSCA results are displayed using the OPERA-3d post processor, the

effects of the various types of field evaluation can be tested. The error caused by
using interpolated conductor fields can be immediately compared against the
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more accurate but expensive conductor integration procedure. It is recommended
that when peak fields on conductors or body forces on conductors are required,
then conductor fields should be calculated by integration.

The fields computed by magnetisation integration are a very specialised option.
The primary role of thisoption isin applications such as shielded superconducting

NMR systems. Field accuracy of the order of partsin 10% are required at somedis-
tance from the shield and where the shield contributes less than 10% of the total
field. Reduced potential could be used in these volumes, providing the conductor

fields are uniform. This can achieve an accuracy of 3 in 10°. Comparison with
analytical solutions has showed that the magnetisation integration can improve

thisto 3in 108. However this procedure is very computationally expensive.

M agnetic Shielding

Many of the recommendationsin the sections on accuracy apply to the calculation
of electromagnetic fieldsin applications where shielding isthe primary objective.
The most important recommendations for shielding are that in the volumes where
the shield is effectiveit is essential that the total potential option isused and fields
are evaluated either from the shape function derivatives, or better still from the
nodally averaged field.

When the shield is screening the outside world from the field produced by a
device the above recommendation means that atotal potential will be used in the
exterior space. Thisis also important from the point of the approximate far field
boundary condition that will be imposed at the boundary of the mesh. The total
potential gives minimal perturbation of the interior solution.

Thin magnetic screens are often used at large distances from the device to be iso-
lated. Elements with large aspect ratios can be used in such screens and will not
adversely affect the solution accuracy. However, if a detailed evaluation of the
field at a corner or next to a small gap is required, then the elements’ dimension
must be small compared to the feature being modelled. Therestriction is perfectly
reasonable, in any direction where the field is changing rapidly the element dis-
cretisation must be capabl e of modelling the changes.
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ELEKTRA, TimeVarying Analysis

I ntroduction

This section describes the electromagnetic field analysis program ELEKTRA,
which is one of the analysis programs of the OPERA-3d Vector Fields Electro-
magnetic Analysis Environment.

ELEKTRA can be used to compute el ectromagnetic fiel dsincluding the effects of
eddy currents, in three dimensions. The program incorporates state of the art algo-
rithms for the calculation of electromagnetic fields and advanced finite element
numerical analysis procedures. In the following sections the algorithm used in
ELEKTRA isdescribed so that users are able to relate the finite element model to
their application problem.

The ELEKTRA Algorithm

ELEKTRA can use a combination of vector and scalar magnetic potentials to
model time varying electromagnetic fields. Vector potentials have to be used in
conducting media; scalar potentials can be used in the rest of space (with certain
restrictions that depend on the geometry).

In general, scalar potentials are preferred since they involve only a single
unknown at each node in the problem, compared to four when using the vector
potential. This means alarge saving in memory requirements, and also indirectly
in computation time.

Fieldsin Source Inaregion of free spacethat does not include source currents, it isgenerally found

Free, Non- to bemost efficient to replace the magnetic field by the gradient of amagnetic sca-
Conducting lar potential, y, so that:
Media

H=-Vy (6.28)

In asimilar way to the TOSCA algorithm outlined for electrostatic problemsin
section “TOTAL and REDUCED Magnetic Scalar Potentials’ on page 6-9, this
leads to a governing equation:

V-uVy =0 (6.29)

whereB = uH.

]
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Fieldsin Non- Fieldsin non-conducting mediawith sourcesin general consist of both solenoidal
Conducting and rotational components. The field produced by known electric (source) cur-
Media With rents has a rotational component inside the volumes where the currents flow. In
Sources therest of free space thefieldis solenoidal but the scalar potential is multi-val ued.

Thefield produced by magnetized volumes is solenoidal.

It isconvenient to use a splitting of the total field into two partsin order to obtain
a description of the field in terms of asimple scalar potential in non-conducting
media. The total field intensity H is defined using the reduced field intensity
(H+tHe) and the conductor field intensity (Hy):

H=H,+H,+Hg (6.30)

The reduced field intensity has two contributions, one from magnetisation fields
iniron (H,,), and the other due to fields from induced eddy currentsin conductors

(He). The sum of these two is the unknown quantity, and can now be represented
using the reduced scalar potential (¢):

Hn+tHe = -Vo (6.32)
In the case of stationary magnetic fields where the exciting currents are pre-

scribed, the conductor field intensity may alwaysbe directly evaluated by integra-
tion:

_ [JXR
H = j -dQ, (6.32)
q. IR
J

For further details of the use of total and reduced scalar potential sin non-conduct-
ing media, look at section “TOTAL and REDUCED Magnetic Scalar Potentials”

on page 6-9.
Fieldsin Intimevarying fieldsthe currentsthat areinduced in conducting volumes are part
Conducting of the unknownsin the system. Their fields cannot therefore be evaluated by sim-
Media ply performing an integration. Inside the conducting volumes the field represen-

tation must include a rotational component. The most elegant approach is to
combine the efficient total and reduced scalar potential method for non-conduct-
ing volumes with an algorithm that uses a vector potential (A) in the conducting
volumes.

In a low frequency time varying magnetic field when the dimensions of the
objectsin the space are small compared to the wavelengths of the fields, the mag-
netic and electric fields are related by the low frequency limit of Maxwell’'s equa-
tions:

|
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VxH =] (6.33)
_ 0B
VXE = 3 (6.34)
where
J = 6(E+uxB) (6.35)

and o istheelectrical conductivity and u the vel ocity. At thispoint we assume that
the velocity is zero. The affect of non-zero velocity will be discussed in
section “The Motional Equations’ on page 6-25 below.

The flux density B can be represented using a vector potential A where:
B =VxA (6.36)

Using this vector potential and combining equations 6.33 to 6.36 gives the fol-
lowing equation for A:

1 _  O0A
Vx“VxA = —Gm -oVV (6.37)

The electric scalar potential (V) emerges because of the non-uniqueness of the
potential which arises during integration of equation 6.33.

To ensure a unique solution therefore, it is also necessary to ‘gauge
equation 6.37. The gauge used in ELEKTRA is the Coulomb gauge

V-A=0 (6.38)
and after including it into equation 6.37 the new governing equation is

Vx1VxA—V1V.A+c(a_A+Vv)=o (6.39)
p u ot

It is also necessary to solve the secondary equation

V«GVV+V~(5%,[A =0 (6.40)

This vector potential description of fields inside conducting volumes can be
directly combined with the total and reduced potential description in non-con-
ducting spaces. The normal flux and tangential field intensity interface conditions
are used to exactly couple the two field descriptions.
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TimeVariation in ELEKTRA

Therearethree ELEKTRA analysis modules, each having adifferent form of time
variation.

» ELEKTRA-SS calculates steady-state ac currents (the time harmonic form)
where all fields and potentials are oscillating at the same frequency.

 ELEKTRA-TR calculates transient eddy currents induced by the fields of
driving currents which change in time in a predetermined way.

* ELEKTRA-VL calculates eddy currents induced by motion which does not
change the geometry of the problem.

TheTime Under steady state alternating current excitation a complex potential substitution
Harmonic can be used. This carries the assumption that the materials have linear character-
Equations istics and that therefore the waveforms of the current and field are precisely the
same. The subgtitutions are:
At) = A
o(t) = b e (6.41)
V(1) = Ve

where o is the angular frequency of the alternating current excitation. With this
assumption equation 6.39 becomes

inVxAC—ViV-Ac+i(o(5AC+0VVC =0 (6.42)

and equation 6.40 becomes
V-oVV, +iooV-A, =0 (6.43)

The form of the equations in magnetic scalar potential is not affected by this sub-
stitution.

Quasi Non- Although it has been assumed that the materials are linear, it is still possible to
Linear Solutions model non-linear materials using a quasi non-linear model.

Theassumptionisthat B and H are both in phase, so that 6.41 aboveis still valid.
The magnitude of the field is used to determine the value of the permeability
(based on the usual BH relationship), which isthen used in equation 6.42. Thisis
anon-linear process, and asimple update scheme is used— having solved equation

|
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6.42, the element permeabilities are updated based on the BH curve, and the equa-
tion re-solved, until a converged solution is obtained.

The Transient The Transient Analysis Program (ELEK TRA-TR) solves eddy current problems
Equations where the driving currents are changing in time in a predetermined way, but not
necessarily with atime harmonic behaviour.

If the Galerkin procedure is applied to the termsin A and g—f in equation 6.16
both yield matrices, referred to as R and S. This|eads to a matrix equation
RA + Sg—'tA +B=0 (6.44)

where A isnow avector of unknown potentials and B is avector of driving terms.
The solution of equation 6.44 is aso based on the Galerkin procedure. A and B
are discretised in time using afirst order function of time:

At = (1-1a,+1a,, 4 (6.45)
B(t) = (1-1)b,+1b,, 1 (6.46)
where
T = tt_—t_”t (6.47)
n+1"'n

and a,, and b,, arevalues of A and B at timet,,. Using T astheweight in a Galerkin
weighted residual solution of 6.44 |eadsto arecurrence relationship between a,, ;
and ay:
S S b b,,6 =0
R(l—e)—ﬂ a.n+ R9+Et a.n+1+ n(l_e)+ n+19 -

(6.48)

where 6 = g (and ® = 1 for non-linear problems) and the time step

At=to -t

There are three options available to select the time step:

» thetimestepisaconstant value for the duration of the analysis. However, this
can be changed by restarting the solution, using a different value of time step.

]
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» thetime step is aconstant value for the duration of the analysis, but is further
subdivided into four equal sub time steps and a fourth order Runge-Kutta
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method is used to improve the time interpolation

 the length of the time step is adjusted adaptively by ELEKTRA-TR using a
fourth order Runge-Kutta method to achieve a user-defined accuracy of solu-

tion at each step

The type of time stepping algorithm is selected by the user in the pre processor
and the Modeller as an option presented during creation of the analysis data for
an ELEKTRA-TR simulation.

The*driving’ fieldisprovided by source currents, Jg, or non-zero potential bound-
ary conditions. The available drive functions within ELEKTRA-TR are as fol-

lows:

Table 6.4 Transient Drive Functions

Name Function
DC F=1for al time
t<0:F=0
STEP t>0:F=1
t<0:F=0
RAMP OStS'[C:FZtl
C
t>toF=1.
t<0:F=F(0)
SINE t>0:F=sin 2nft+o.
t<0:F=F(0)
COSINE t>0:F=cos 2nft+¢.
t<0:F=0
PEAK t>0:F = atexp(-t>/b)
aand b are chosen such that F=1 at t=t..
t<0:F=0
RISE t>0:F = 1—exp(-t/ty)
. t<0:F=0
TABLE (switch on) t>0:F=cubic splines.
t<0:F=F(0) where F(0) isthe value of the
TOFF (switch off) function in the tablefile at time t=0.
t20:F=cubic splines.
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The driving function can be applied to all the source conductors and boundary
conditions, or the drive label can be used to specify different driving functionsfor
different conductors and boundary conditions. A phase angle can also be used in
the sine and cosine functions.

The transient time table option alows the user to define driving functions other
than those programmed into the analysis code. The tables consist of files contain-
ing pairs of numbers in free format, one pair per line. The first number on each
line specifies the time; the second gives the function value. A total of 4096 pairs
of pointsare allowed, distributed arbitrarily between the timetablefiles. To check
the shape of the drive function, the GRAPH command can be used to display the
file contents.

For the time table TABLE “ Switch On” option, the values of time should start at
zero and increase through the file. Discontinuities in function value or first deriv-
ative can be forced by specifying two entries for the same value of time. For the
time table TOFF “ Switch Off” option, the value of the function is set to the value
of the drive function in the time table at t=0 for all time up to time zero.

Other functions (DC, COSINE, and SINE) will also have function valuesthat are
non-zero at time zero (depending on the phase angle for sine and cosine drives).

Beyond the last value of time in the table, the function continues with the last
value computed.

The analysis program ELEKTRA-VL solves the static field problem, including
the effect of motionally induced eddy currents. The conducting parts of the prob-
lem can be assigned a velocity. This can be a linear velocity, specified by speed
and direction or arotational velocity specified by the angular velocity around the
global z-axis. In either case, in each element there is a velocity vector, u. It is
always assumed that the driving coils are stationary and the eddy current conduc-
torsin motion. The formulation of ELEKTRA-VL assumes that, at every instant
in time, the geometry of the model isidentical. This means that the cross-section
of the moving conductor orthogona to the direction of motion does not change.
In other words, for linear maotion the moving conductor is“infinite” and for rota-
tional motion the RZ cross-section is invariant. Examples of these might be a
pipeline inspection vehicle and an eddy current disk brake respectively.

From equations 6.35 and 6.36, the current is related to the potentials A and V by
J=06(uUxVxA)-cVV (6.49)

where u isthe velocity. The equation that is solved (based on 6.39) is
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inVxA—ViV~A = G(UXV XxA)—GVV (6.50)

and equation 6.40 becomes

V-6VV-6V- - (UxVXxA) =0 (6.51)

Non-Linear Materials

All the analysis modules in ELEKTRA now include non-linear material proper-
ties, which can aso be anisotropic. In the ELEKTRA-VL and ELEKTRA-TR
analysis modules, permanent magnets can beincluded, and the behaviour of these
materialsis also defined by BH curves that extend into the 3rd quadrant.

In each case, adirect iteration method is used (rather than Newton Raphson used
in TOSCA). Thisimplies that in general more iterations will be required to con-
verge to anon-linear solution.

Boundary Conditions

Boundary conditions are used in two ways. Firstly they can provide a way of
reducing the size of the finite element representation of symmetrical problems.
Secondly they are used to approximate the magnetic field at large distances from
the problem (far-field boundaries).
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General Problem symmetry and the symmetry of the fields are implied by the potential
boundary conditions applied to the finite element model. The simplest types of
boundary condition are:

Table 6.5 Boundary Conditions

Field Scalar Vector
Symmetry | Potential Potential
H-n=20 00 Axn =20
TANGENTIAL MAGNETIC In =
or Exn=0 V=0
NORMAL ELECTRIC
or
PEC
NORMAL MAGNETIC Hxn = 0 [¢p=constant| (V x A)xn = 0
or _
A-n=20
TANGENTIAL ELECTRIC _
E-n=0
a_\/ =0
on

where n isthe normal unit vector to the surface being considered. Note that in the
above ¢ refersto either the reduced or total scalar potential; V refersto the electric
scalar potential. A non-zero valuefor V on an external surface can be used to drive
current into a problem. Boundary conditions on the reduced scalar potential only
affect the reduced field intensity.

The boundary conditions shown in the table above should only be applied to the
exterior surfaces of the finite element model. The default condition that will
always be applied if no boundary condition is specified on an exterior surfaceis:

Table 6.6 Default Boundary Condition
Field Symmetry | Scalar Potential

H-n=20 o _

on

The default boundary condition should not be used on vector potential volumes,
if the vector region extends to the exterior ‘far field’ boundary. One of the NOR-
MAL or TANGENTIAL field conditions should be applied.

Nodal Field The default boundary condition is only weakly satisfied even when it is assigned
Extraction to asurface. ‘Weakly satisfied’ meansthat it is applied as an integral over the sur-
face patch for each shape function sub-domain.

]
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For example, in ascalar potential volume, examination of the field solution close
to a surface with the default boundary condition will reveal that the normal com-
ponent of magnetic field is not zero. The magnitude of the normal component
reflects the local accuracy of the solution unless it is the result of a model error.
Such an error may arisein areduced potential region if the conductor’sfield does
not have the same symmetry as the finite element model. On the surface itself
however, the normal component isforced to be precisely zero by the post proces-
Sor.

The H x n boundary condition with a scalar potential and the H - n condition
with a vector potential solution, are strongly imposed. The potentials are pre-
scribed to the values specified. However, even then the field solution may not be
exactly as expected. If the surface normal direction is discontinuous (the normal
direction isambiguous at an edge for example) thiswill produce a solution which
implies at least two possible values for the field at the edge.

The fields computed by taking derivatives of the finite element shape functions
will be discontinuous, but in each element the potential boundary condition will
be exactly specified. The field smoothing processesin ELEKTRA (nodal averag-
ing, see the notes on accurate field computation in section “ Accurate Fields” on
page 6-30) must take this into account, and hence the true boundary condition is
forced at these surfaces to ensure accuracy is maintained as far as possible.

A potential boundary condition must be specified on at least one surface of amag-
netic scalar potential problem. This gauges the scalar potential and without it the
solution will not be unique. Any constant value could be added over the whole
space. In ELEKTRA each independent scalar potential volume must have its own
assigned potential surface. Thisariseswhere vector potential volumes cut the sca-
lar potential space into distinct, completely separate sub-volumes. An example
may help to explain thisfeature. Consider along conducting pipe with ashort coil
inside the pipe. The pipe may be modelled as being infinite, extending between
the boundaries of the problem, in which case the interior of the pipe and the exte-
rior will be completely separate volumes that never touch. The scalar potentials
in the interior and exterior spaces would need gauging independently. Each one
requires at least one assigned potential surface.

The special vector potential formulation used in ELEKTRA does not require the
vector or electric scalar potentialsto be specified unless they are needed to repre-
sent the field symmetry of the problem. The magnitudes of the potentials are auto-
matically gauged by the equation being solved. M ost problemswill have assigned
potentialsin fact, but thiswill be because field symmetries are being specified.
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One specific limitation should be mentioned in connection with boundary condi-
tions on the vector potential and its interaction with the algorithm used in
ELEKTRA. If aconducting body passes through a plane of symmetry where the
flux density is tangentia to the plane, the tangential components of the vector
potential would be assigned to zero, and the default boundary condition would
apply to the normal component of the vector potential. The same geometry and
field symmetry would exist if the conductor was cut through at the boundary, but
anormal current flow of zero should also be defined. This cannot be done by sim-
ply specifying a boundary condition on the norma component of the vector
potential, and the following must be applied.

Defining potential boundary conditions on all components of the vector potential
would cause all components of the flux to be zero. The cut conductor must be
modelled in ELEKTRA by introducing an air volume using a scalar potential
between the conductor block and the symmetry surface. Thismay beinconvenient
since the actual cut could be vanishingly thin. It is however essential at the
moment.

It is possible to calculate the current flow through a conductor driven by a poten-
tial difference between two external surfaces. The entire conductor should be
modelled using vector potential volumes. Where the volumes touch the surface of
the mesh, the tangential components of A should be set to zero and the electric
scalar potential set to values which define the driving voltage.

Electromagnetic fields are frequently not contained within a finite volume. In
practice, at long distances from the device producing the field, the distribution
will be modified by the local environment, but this will not effect the field close
to the device. Except where the interaction with the far environment is of interest,
thefield from an isolated deviceisusually required. A simplefinite element mesh
obvioudy has afinite extent and applying either potential or derivative boundary
conditions on the open boundaries will perturb the true infinite domain solution.

There aretechniquesthat accurately model the infinite domain. On aconvex outer
surface a series of rings of elementswith increasing size may be recursively gen-
erated automatically (ballooning) or a boundary integral solution for the exterior
domain may be coupled to the interior finite element solution. These techniques
are relatively expensive in three dimensions and approximate methods may be
used instead. The approximate methods include matching a convex outer surface
to finite elements that extend from the surface to infinity and which have appro-
priate decay functions, and the standard approach of extending the finite element
mesh to adistance where the field truncation has no effect on the regions of inter-
est.
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It is recommended that the mesh be extended to a reasonabl e distance with either
potential or derivative boundary conditions applied to the outer surface, so that
the truncation has an insignificant effect on the region of interest. The effect of
truncation can be estimated by observing the tangential component of the field on
an open boundary with a derivative boundary condition. Half the field observed
on such aboundary isbeing reflected back from the exterior. Combining thiswith
knowledge of the probable decay in the exterior space will give an order of mag-
nitude for the effect of the truncation on the regions of interest. In a particularly
sensitive application a further test should be applied. Two problems should be
solved, one using potential boundary conditions on the open boundary, the other
using derivative conditions. These problems represent the model in an infinite
array of similar problemswith either the opposite or the samesign of fieldin alter-
nateimages. In general the two solutionswill bound the correct answer. It is often
found that the derivative condition is closer to the real solution. It would in fact
be exact if the open boundary surface was aconstant flux surface. Use of thissim-
ple approach gives an estimate for the effect of the far field boundary truncation
and thisiswhy it is recommended.

It is worthwhile considering the significance of the potential type interior to the
open boundary surface. With atotal potential interior to the open boundary sur-
face both the conductor and iron fields will be reflected at the surface. On the
other hand, if areduced potentia isinterior to the open surface only theiron fields
will bereflected at the surface. This effect may be used to minimise the perturba-
tion caused by the truncation.

For example, if the problem consists of asmall volume of iron, interior to alarge
conductor system, the reduced potential at the open surface will clearly give much
smaller errors produced by the approximate open (far field) boundary condition.
The relatively small field from the iron will be the only component reflected in
the fal se open boundary.

An alternative example is one where the conductors are contained inside an iron
shield. In this case the total field at the open boundary will be much smaller than
the conductors' field (if the shield is effective), atotal potential next to the open
boundary surface will therefore give much less perturbation in the regions of
interest.

Accurate Fields

Thetotal and reduced potential formulation used in ELEKTRA alowsa problem
to be defined with many possible combinations of potentials. The next section
looks specifically at the use of total and reduced scalar potentials, and the choices
that can be made.
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It is assumed firstly that the magnetic vector potential is used where necessary —
in eddy current volumes, and in air if required to ensure asingly connected prob-
lem. Aspreviously mentioned, it isgood practice to use magnetic scalar potentials
wherever possible, as this reduces memory requirements, and increases computa:
tion speed.

The other restrictions are that the total potentia should be used inside magnetic
(non-conducting) volumes and the reduced potentia inside volumeswhere source
currents are flowing. Apart from these restrictions, the distribution of potential
types may be chosen to give optimum accuracy for particular applications. One
aspect of thishas already been mentioned in section “ Total and Reduced Potential
at the Open Boundary” on page 6-30

Thefollowing tableidentifies particular classes of problem, and showsthe recom-
mended scalar potential type in a particular volume of space.

Inthetable, the“iron” field implied induced fields, due to magnetisation and eddy
currents. “Noda” refersto the nodally averaged field output option; “Integral” to
the option where the field from the magnetic volumes and eddy current volumes
are computed by evaluating the magnetisation from the potential solution, and
then computing the field by volume integration of the magnetisation and eddy
currents
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Table 6.7 Potential Types

_ Field Recovery
I Potential
Problem Description Type from from
mesh |conductors
Homogeneous Field
Conductor field » Iron field
Closeto theiron Reduced |Nodal Integral
Far from theiron Any Integral  |Integral
Homogeneous Field
Conductor Field = Iron Field
Homogeneous conductor field |Any Nodal Integral
Inhomogeneous conductor field | Total Nodal Integral
or if total cannot be used Reduced |Nodal Integral
Homogeneous Field
Conductor Field = —Iron Field
Homogeneous conductor field |Total Nodal Any
Inhomogeneous conductor field [Total Nodal Any
or if total cannot be used Reduced |Nodal Integral
Homogeneous Field
Conductor Field « Iron Field  |Any Nodal Integral
Peak Field on Conductor Reduced |Nodal Integral
Inhomogeneous Field
Conductor Field » Iron field Reduced |Nodal Integral
Conductor Field « Iron field Any Nodal Integral
As above but far fromiron Any Integral  |Integral
Conductor Field = Iron field Any Nodal Integral
Conductor Field= —lronfield |Total Nodal Integral

Thetable does not cover al eventuaitiesand it may help to explain why the com-
binations are recommended. First, the use of total potential in volumes where the
source and iron fields cancel isthe basis on which the total and reduced potential
algorithm was designed. This takes precedence over all other considerations.

Finite elements are good at representing uniform fields and by implication, not so
good for varying fields. If the combined source and iron fields produce auniform
resultant field, then it is best to use the total potential in such volumes. However,
if the source field is much greater than the iron field, it is best to use a reduced
potential in this volume because the source fields are essentially exact.

When ELEKTRA results are displayed using the OPERA-3d post processor, the
effects of the various types of field evaluation can be tested. The error caused by
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using interpolated source fields can be immediately compared against the more
accurate but expensive source integration procedure. It is recommended that
when peak fields on coils or body forces on coils are required, then source fields
should be calculated by integration.

The fields computed by magnetisation integration are a very specialised option.
The primary role of thisoption isin applications such as shielded superconducting

NMR systems. Field accuracy of the order of partsin 10% are required at somedis-
tance from the shield and where the shield contributes less than 10% of the total
field. Reduced potentia could be used in these volumes, providing the conductor

fields are uniform. This can achieve an accuracy of 3 in 10°. Comparison with
analytical solutions has showed that the magnetisation integration can improve

thisto 3in 108. However this procedure is very computationally expensive.

M agnetic Shielding

Many of the recommendationsin the sections on accuracy apply to the calculation
of electromagnetic fieldsin applications where shielding isthe primary objective.
The most important recommendations for shielding are that in the volumes where
the shield is effectiveit is essential that the total potential option isused and fields
are evaluated either from the shape function derivatives, or better still from the
nodally averaged field.

When the shield is screening the outside world from the field produced by a
device the above recommendation means that atotal potential will be used in the
exterior space. Thisis also important from the point of the approximate far field
boundary condition that will be imposed at the boundary of the mesh. The total
potential gives minimal perturbation of the interior solution.

Thin magnetic screens are often used at large distances from the device to be iso-
lated. Elements with large aspect ratios can be used in such screens and will not
adversely affect the solution accuracy. However, if a detailed evaluation of the
field at a corner or next to a small gap is required, then the elements’ dimension
must be small compared to the feature being modelled. Therestriction is perfectly
reasonable, in any direction where the field is changing rapidly the element dis-
cretisation must be capabl e of modelling the changes.

Velocity Induced Eddy Currentsin ELEKTRA-VL

The solution of motion induced eddy current problems (without upwinding) will
probably present oscillations if the ‘cell Peclet number’ pcuh is much greater
than one (h being the size of the element in the velocity direction u). Thisstill may
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occur after mesh refinement, and especially if quadratic elements are used. Such
a phenomenon is well understood and is typical of the numerical methods. It
arises when first order derivatives become very large compared to second order
ones (see motional equations). To overcome this problem ‘upwinding’ can be
employed to eliminate non-physical ‘wiggles’ from the solution although with a
possible degradation in accuracy. The number of iterations required by the solver
is usualy smaller than that for non-upwinded solutions, since the system matrix
is typically better conditioned. Such a technique (e.g. Hughes upwinding) can
only be combined with linear elements.

Per meable Vector Potential Volumes

For some types of problem, it is possible to improve the solution time considera-
bly by careful choice of where volumes of differing potential type are placed. A
particular instance is when highly permeable vector potential volumes are placed
adjacent to magnetic scalar air volumes.

To improve the solution time for this situation, it is recommended that the vector
potential volume be extended into theair for ashort distance. In thisway, thejump
from vector to scalar potential does not coincide with alarge change in permea-
bility.
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CARMEN, Rotating Machines Analysis

I ntroduction

This section describes the electromagnetic field analysis program CARMEN,
which is one of the analysis programs of the OPERA-3d Vector Fields Electro-
magnetic Analysis Environment.

CARMEN can be used to compute electromagnetic fields including the effects of
eddy currentsfor rotating systemsin three dimensions. The program incorporates
state of the art agorithms for the calculation of electromagnetic fields and
advanced finite element numerical analysis procedures. In the following sections
the algorithm used in CARMEN is described so that users are able to relate the
finite element model to their application problem.

The CARMEN Algorithm

CARMEN can use a combination of vector and scalar magnetic potentials to
model time varying electromagnetic fields. Vector potentials have to be used in
conducting media; scalar potentials can be used in the rest of space (with certain
restrictions that depend on the geometry).

Fieldsin Source Inaregion of free spacethat does not include source currents, itisgenerally found

Free, Non- to bemost efficient to replace the magnetic field by the gradient of amagnetic sca-
Conducting lar potential, , so that:
Media

H = -Vy (6.52)

In asimilar way to the TOSCA algorithm outlined for electrostatic problemsin
section “TOTAL and REDUCED Magnetic Scalar Potentials’ on page 6-9, this
leads to a governing equation:

V-uVy =0 (6.53)

whereB = pH.
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Fieldsin Non- Fieldsin non-conducting mediawith sourcesin general consist of both solenoidal
Conducting and rotational components. The field produced by known electric (source) cur-
Media With rents has a rotational component inside the volumes where the currents flow. In
Sources therest of free space thefieldis solenoidal but the scalar potential is multi-val ued.

Thefield produced by magnetized volumes is solenoidal.

It isconvenient to use a splitting of the total field into two partsin order to obtain
a description of the field in terms of asimple scalar potential in non-conducting
media. The total field intensity H is defined using the reduced field intensity
(H+tHe) and the conductor field intensity (Hy):

H=H,+H,+Hg (6.54)

The reduced field intensity has two contributions, one from magnetisation fields
iniron (H,,), and the other due to fields from induced eddy currentsin conductors

(He). The sum of these two is the unknown quantity, and can now be represented
using the reduced scalar potential (¢):

Hn+tHe = -Vo (6.55)
In the case of stationary magnetic fields where the exciting currents are pre-

scribed, the conductor field intensity may alwaysbe directly evaluated by integra-
tion:

_ [JXR
Hy = [===dQ; (6.56)
o, IR
J

For further details of the use of total and reduced scalar potential sin non-conduct-
ing media, look at section “TOTAL and REDUCED Magnetic Scalar Potentials”

on page 6-9.
Fieldsin In time varying fields or rotating systems, the currents that are induced in con-
Conducting ducting volumes are part of the unknownsin the system. Their fields cannot there-
Media fore be evaluated by simply performing an integration. Inside the conducting

volumes the field representation must include a rotational component. The most
elegant approach is to combine the efficient total and reduced scalar potential
method for non-conducting volumeswith an algorithm that uses avector potential
(A) in the conducting volumes.

In arotating system, where the conductors are moving, or the applied field is
rotating, the magnetic and electric fields are related by the low frequency limit of
Maxwell’s equations:

|
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VxH =] (6.57)
_ _a3
VXE = 3t (6.58)
where
J = 6(E+uxB) (6.59)

and o istheelectrical conductivity and u the vel ocity. At thispoint we assume that
the velocity is only rotational.

The restriction encountered with ELEKTRA-VL was that in order to include the
velocity term, the geometry must be unchanging in the direction of motion. This
restriction isremoved here. It is necessary thereforeto solve therotation asatran-
sient phenomenon, requiring afully transient analysis.

The eddy currents induced by mation are implied by the following equations,
along with the fact that at each time step, the rotating part of the model is physi-
cally moved. Including the motion explicitly in this way means the velocity term
isnot required in the following equations.

The flux density B can be represented using a vector potential A where:
B=VxA (6.60)

Using this vector potential and combining equations 6.33 to 6.36 gives the fol-
lowing equation for A:

1 _  0A
Vx“VxA = —Gm -oVV (6.61)

The electric scalar potential (V) emerges because of the non-uniqueness of the
potential which arises during integration of equation 6.33.

To ensure a unique solution therefore, it is also necessary to ‘gauge
equation 6.37. The gauge used in CARMEN is the Coulomb gauge

V-A=0 (6.62)

and after including it into equation 6.37 the new governing equation is

Vx:—LVxA—VlV-A+0(a—A+VV):O (6.63)
p u ot

It is also necessary to solve the secondary equation

]
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V-GVV+V-G%IA:O (6.64)

This vector potential description of fields inside conducting volumes can be
directly combined with the total and reduced potential description in non-con-
ducting spaces. The normal flux and tangential field intensity interface conditions
are used to exactly couple the two field descriptions.

In CARMEN, part of the mesh isallowed to rotate about the z-axis, and this rota-
tion may also induce eddy currents in conducting media. The technique used to
model thisis called the “lock-step” algorithm. The element subdivision around a
slip surface must be uniform in the direction of rotation, and the rotating part of
the mesh moves one element each time step. In this way, the mesh on either side
of the dip surface remains continuous at al times. The angle subtended at the ori-
gin for one element, along with the rotational velocity, is used internally to define
the time step to be used by the transient solution.

Itisessential therefore that to ensure aregular subdivision on the slip surface, that
hexahedra elements only are used. It is not possible to have correct continuity of
the mesh if tetrahedra are used.

The dlip surface is defined as a boundary condition, and runs the entire length of
the device (z-direction). It should have a constant radius the entire length, and is
labelled SLIP in the boundary definition stage of the pre processor. As an alter-
native to selecting the dlip surface in the boundary definition stage, the SLIP
boundary condition can be applied using the OPERA-3d pre processor SLIP com-
mand (accessed through Add slip surface onthe MODIFY menu). The user spec-
ifies the radius of the dlip surface and the tolerance for inclusion of points not
precisely at this radius.

It is a requirement that the dip surface ONLY be within total magnetic scalar
potential volumes, and that vector potentials or reduced scalar potentials DO NOT
touch the dlip surface. Thisis to ensure as efficient a solution system as possible
(by allowing a rotating coordinate system in the rotating part of the mesh — not
possibleif vector potential or reduced potential volumes touch the slip surface!).

The intermediate points at which solutions are to be stored are defined by the

angles to which the rotating mesh has moved (unlike ELEK TRA-TR where these
points are defined in terms of times elapsed).
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TimeVariation in CARMEN

The Transient Analysis Program for rotating systems (CARMEN) solves eddy
current problems where the driving currents are changing in time in a predeter-
mined way, but not necessarily with a time harmonic behaviour, and where the
conducting materials may also be rotating.

If the Galerkin procedure is applied to the termsin A and A in equation 6.16

ot
both yield matrices, referred to as R and S. Thisleads to a matrix equation
RA+SS—¢+B=0 (6.65)

where A isnow avector of unknown potentials and B is avector of driving terms.
The solution of equation 6.44 is also based on the Galerkin procedure. A and B
are discretised in time using a first order function of time:

At = (1-1a,+1a,,, (6.66)
B(t) = (1-1)b,+1b,, 1 (6.67)
where
=y (6.68)
T= —— :
tn+1_tn

and a,, and b, arevalues of A and B at timet,,. Using T astheweight in a Galerkin
weighted residual solution of 6.44 |eadsto arecurrencerelationship between a,,,
and a:

(R(l—e)—i)an+(R0 +A§t)an+1+ b (1-6)+b_, .0 =0
(6.69)

where 6 = 1 and thetime step At = t,1— t,,.

The time step is determined from the speed of rotation, and the azimuthal subdi-
vision on the slip surface. Since the rotating part of the mesh moves one element
onthedlip surface per time step, the actual value of time step is beyond the control
of the user, and is fully defined by the software.
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Transient The*driving’ fieldisprovided by source currents, Jg, or non-zero potential bound-
Driving ary conditions. The available drive functions within CARMEN are as follows:
Functions Table 6.8 Transient Drive Functions
Name Function
DC F=1for dl time
t<0:F=0
STEP >0:F=1
t<0:F=0
RAMP OStS'[C:F:tl
C
>t F=1.
t<0:F=F(0)
SINE t>0:F=sin 2nft+¢.
t<0:F=F(0)
COSINE t>0:F=cos 2nft+¢.
t<0:F=0
PEAK t>0:F = atexp(-t>/b)
aand b are chosen such that F=1 at t=t..
t<0:F=0
RISE t>0:F = 1-exp(—t/t,)
. t<0:F=0
TABLE (switch on) t=0:F=cubic splines.
t<0:F=F(0) where F(0) isthe value of the
TOFF (switch off) function in the table file at time t=0.
t20:F=cubic splines.

The driving function can be applied to al the source conductors and boundary
conditions, or the drive label can be used to specify different driving functionsfor
different conductors and boundary conditions. A phase angle can also be used in
the sine and cosine functions.

The transient time table option alows the user to define driving functions other
than those programmed into the analysis code. The tables consist of files contain-
ing pairs of numbers in free format, one pair per line. The first number on each
line specifies the time; the second gives the function value. A total of 4096 pairs
of pointsare allowed, distributed arbitrarily between the timetablefiles. To check
the shape of the drive function, the GRAPH command can be used to display the
file contents.

|
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For the time table TABLE “ Switch On” option, the values of time should start at
zero and increase through thefile. Discontinuitiesin function vaue or first deriv-
ative can be forced by specifying two entries for the same value of time. For the
time table TOFF “ Switch Off” option, the value of the function is set to the value
of the drive function in the time table at t=0 for all time up to time zero.

Other functions (DC, COSINE, and SINE) will also have function valuesthat are
non-zero at time zero (depending on the phase angle for sine and cosine drives).

Beyond the last value of time in the table, the function continues with the last
value computed.

Non-Linear Materials

The analysis program CARMEN now includes non-linear material properties,
which can also be anisotropic. Permanent magnets can be included, and the
behaviour of these materialsis also defined by BH curvesthat extend into the 3rd
guadrant.

In each case, adirect iteration method is used (rather than Newton Raphson used
in TOSCA). Thisimplies that in general more iterations will be required to con-
verge to anon-linear solution.

Boundary Conditions

Boundary conditions are used in two ways. Firstly they can provide a way of
reducing the size of the finite element representation of symmetrical problems.
Secondly they are used to approximate the magnetic field at large distances from
the problem (far-field boundaries).

]
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General Problem symmetry and the symmetry of the fields are implied by the potential
boundary conditions applied to the finite element model. The simplest types of
boundary condition are:

Table 6.9 Boundary Conditions

Field Scalar Vector

Symmetry | Potential Potential
TANGENTIAL MAGNETIC
or H-n=20 Axn =0
NORMAL ELECTRIC 9% _ 4
or Exn=0] " V=0
PEC

(VxA)xn =0
NORMAL MAGNETIC Hxn =0 A-n=0
or d=constant
TANGENTIAL ELECTRIC | E-n = 0 VN _,
on

where n isthe normal unit vector to the surface being considered. Note that in the
above ¢ refersto either the reduced or total scalar potential; V refersto the electric
scalar potential. A non-zero valuefor V on an external surface can be used to drive
current into a problem. Boundary conditions on the reduced scalar potential only
affect the reduced field intensity.

The boundary conditions shown in the table above should only be applied to the
exterior surfaces of the finite element model. The default condition that will
always be applied if no boundary condition is specified on an exterior surfaceis:

Table 6.10 Default Boundary Condition
Field Symmetry | Scalar Potential

_ 00
H-n=20 - =
n on

The default boundary condition should not be used on vector potential volumes,
if the vector region extends to the exterior ‘far field’ boundary. One of the NOR-
MAL or TANGENTIAL field conditions should be applied.

Nodal Field The default boundary condition is only weakly satisfied even when it is assigned
Extraction to asurface. ‘Weakly satisfied’ meansthat it is applied as an integral over the sur-
face patch for each shape function sub-domain.

|
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For example, in ascalar potential volume, examination of the field solution close
to a surface with the default boundary condition will reveal that the normal com-
ponent of magnetic field is not zero. The magnitude of the normal component
reflects the local accuracy of the solution unless it is the result of a model error.
Such an error may arisein areduced potential region if the conductor’sfield does
not have the same symmetry as the finite element model. On the surface itself
however, the normal component isforced to be precisely zero by the post proces-
Sor.

The H x n boundary condition with a scalar potential and the H - n condition
with a vector potential solution, are strongly imposed. The potentials are pre-
scribed to the values specified. However, even then the field solution may not be
exactly as expected. If the surface normal direction is discontinuous (the normal
direction isambiguous at an edge for example) thiswill produce a solution which
implies at least two possible values for the field at the edge.

The fields computed by taking derivatives of the finite element shape functions
will be discontinuous, but in each element the potential boundary condition will
be exactly specified. The fiedld smoothing processesin CARMEN (nodal averag-
ing, see the notes on accurate field computation in section “ Accurate Fields’ on
page 6-45) must take this into account, and hence the true boundary condition is
forced at these surfaces to ensure accuracy is maintained as far as possible.

A potential boundary condition must be specified on at least one surface of amag-
netic scalar potential problem. This gauges the scalar potential and without it the
solution will not be unique. Any constant value could be added over the whole
space. In CARMEN each independent scalar potential volume must have its own
assigned potential surface. Thisariseswhere vector potential volumes cut the sca-
lar potential spaceinto distinct, completely separate sub-volumes.

An example may help to explain this feature. Consider a long conducting pipe
with a short coil inside the pipe. The pipe may be modelled as being infinite,
extending between the boundaries of the problem, in which casetheinterior of the
pipe and the exterior will be completely separate volumes that never touch. The
scalar potentialsin the interior and exterior spaces would need gauging independ-
ently. Each one requires at least one assigned potential surface.

The special vector potential formulation used in CARMEN does not require the
vector or electric scalar potentialsto be specified unless they are needed to repre-
sent thefield symmetry of the problem. The magnitudes of the potential s are auto-
matically gauged by the equation being solved. Most problemswill have assigned
potentialsin fact, but this will be because field symmetries are being specified.
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One specific limitation should be mentioned in connection with boundary condi-
tions on the vector potential and its interaction with the algorithm used in
CARMEN. If a conducting body passes through a plane of symmetry where the
flux density is tangentia to the plane, the tangential components of the vector
potential would be assigned to zero, and the default boundary condition would
apply to the normal component of the vector potential. The same geometry and
field symmetry would exist if the conductor was cut through at the boundary, but
anormal current flow of zero should also be defined. This cannot be done by sim-
ply specifying a boundary condition on the norma component of the vector
potential.

Defining potential boundary conditions on all components of the vector potential
would cause all components of the flux to be zero. The cut conductor must be
modelled in CARMEN by introducing an air volume using a scalar potential
between the conductor block and the symmetry surface. Thismay beinconvenient
since the actual cut could be vanishingly thin. It is however essential at the
moment.

Electromagnetic fields are frequently not contained within a finite volume. In
practice, at long distances from the device producing the field, the distribution
will be modified by the local environment, but this will not effect the field close
to the device. Except where the interaction with the far environment is of interest,
thefield from an isolated deviceisusually required. A simplefinite element mesh
obviously has afinite extent and applying either potential or derivative boundary
conditions on the open boundaries will perturb the true infinite domain solution.

There aretechniquesthat accurately model the infinite domain. On aconvex outer
surface a series of rings of elementswith increasing size may be recursively gen-
erated automatically (ballooning) or a boundary integral solution for the exterior
domain may be coupled to the interior finite element solution. These techniques
are relatively expensive in three dimensions and approximate methods may be
used instead. The approximate methods include matching a convex outer surface
to finite elements that extend from the surface to infinity and which have appro-
priate decay functions, and the standard approach of extending the finite element
mesh to a distance where the field truncation has no effect on the regions of inter-
est.

It is recommended that the mesh be extended to a reasonable distance with either
potential or derivative boundary conditions applied to the outer surface, so that
the truncation has an insignificant effect on the region of interest. The effect of
truncation can be estimated by observing the tangential component of thefield on
an open boundary with a derivative boundary condition. Half the field observed
on such aboundary is being reflected back from the exterior. Combining thiswith
knowledge of the probable decay in the exterior space will give an order of mag-
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nitude for the effect of the truncation on the regions of interest. In a particularly
sensitive application a further test should be applied. Two problems should be
solved, one using potential boundary conditions on the open boundary, the other
using derivative conditions. These problems represent the model in an infinite
array of similar problemswith either the opposite or the samesign of fieldin alter-
nateimages. In general the two solutionswill bound the correct answer. It is often
found that the derivative condition is closer to the real solution. It would in fact
be exact if the open boundary surface was a constant flux surface. Use of thissim-
ple approach gives an estimate for the effect of the far field boundary truncation
and thisiswhy it is recommended.

It is worthwhile considering the significance of the potential type interior to the
open boundary surface. With a total potential interior to the open boundary sur-
face both the conductor and iron fields will be reflected at the surface. On the
other hand, if areduced potentia isinterior to the open surface only theiron fields
will be reflected at the surface. This effect may be used to minimise the perturba-
tion caused by the truncation.

For example, if the problem consists of asmall volume of iron, interior to alarge
conductor system, the reduced potential at the open surface will clearly give much
smaller errors produced by the approximate open (far field) boundary condition.
The relatively small field from the iron will be the only component reflected in
the false open boundary.

An alternative example is one where the conductors are contained inside an iron
shield. In this case the total field at the open boundary will be much smaller than
the conductors' field (if the shield is effective), atotal potential next to the open
boundary surface will therefore give much less perturbation in the regions of
interest.

Accurate Fields

The total and reduced potential formulation used in CARMEN allows a problem
to be defined with many possible combinations of potentials. The next section
looks specifically at the use of total and reduced scalar potentials, and the choices
that can be made.

It is assumed firstly that the magnetic vector potential is used where necessary —
in eddy current volumes, and in air if required to ensure asingly connected prob-
lem. Aspreviously mentioned, it isgood practice to use magnetic scalar potentials
wherever possible, as this reduces memory requirements, and increases computa-
tion speed.
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The other restrictions are that the total potentia should be used inside magnetic
(non-conducting) volumes, on either side of aslip surface, and the reduced poten-
tial must be used inside volumes where source currents are flowing. Apart from
these restrictions, the distribution of potential types may be chosen to give opti-
mum accuracy for particular applications. One aspect of this has already been
mentioned in section “Total and Reduced Potential at the Open Boundary” on
page 6-45.

Thefollowing tableidentifies particular classes of problem, and showsthe recom-
mended scalar potential typein a particular volume of space.

Inthetable, the“iron” field implied induced fields, due to magnetisation and eddy
currents. “Nodal” refersto the nodally averaged field output option; “Integral” to
the option where the field from the magnetic volumes and eddy current volumes
are computed by evaluating the magnetisation from the potential solution, and
then computing the field by volume integration of the magnetisation and eddy
currents.
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Table 6.11 Potential Types

_ Field Recovery
I Potential
Problem Description Type from from
mesh |conductors
Homogeneous Field
Conductor field » Iron field
Closeto theiron Reduced |Nodal Integral
Far from theiron Any Integral  |Integral
Homogeneous Field
Conductor Field = Iron Field
Homogeneous conductor field |Any Nodal Integral
Inhomogeneous conductor field | Total Nodal Integral
or if total cannot be used Reduced |Nodal Integral
Homogeneous Field
Conductor Field = —Iron Field
Homogeneous conductor field |Total Nodal Any
Inhomogeneous conductor field [Total Nodal Any
or if total cannot be used Reduced |Nodal Integral
Homogeneous Field
Conductor Field « Iron Field  |Any Nodal Integral
Peak Field on Conductor Reduced |Nodal Integral
Inhomogeneous Field
Conductor Field » Iron field Reduced |Nodal Integral
Conductor Field « Iron field Any Nodal Integral
As above but far fromiron Any Integral  |Integral
Conductor Field = Iron field Any Nodal Integral
Conductor Field= —lronfield |Total Nodal Integral

Thetable does not cover al eventuaitiesand it may help to explain why the com-
binations are recommended. First, the use of total potential in volumes where the
source and iron fields cancel isthe basis on which the total and reduced potential
algorithm was designed. This takes precedence over all other considerations.

Finite elements are good at representing uniform fields and by implication, not so
good for varying fields. If the combined source and iron fields produce a uniform
resultant field, then it is best to use the total potential in such volumes. However,
if the source field is much greater than the iron field, it is best to use a reduced
potential in this volume because the source fields are essentially exact.

When CARMEN results are displayed using the OPERA-3d post processor, the
effects of the various types of field evaluation can be tested. The error caused by
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using interpolated source fields can be immediately compared against the more
accurate but expensive source integration procedure. It is recommended that
when peak fields on coils or body forces on coils are required, then source fields
should be calculated by integration.

M agnetic Shielding

Many of the recommendationsin the sections on accuracy apply to the calculation
of electromagnetic fieldsin applications where shielding isthe primary objective.
The most important recommendations for shielding are that in the volumes where
the shield is effectiveit is essential that the total potential option isused and fields
are evaluated either from the shape function derivatives, or better still from the
nodally averaged field.

When the shield is screening the outside world from the field produced by a
device the above recommendation means that atotal potential will be used in the
exterior space. Thisis also important from the point of the approximate far field
boundary condition that will be imposed at the boundary of the mesh. The total
potential gives minimal perturbation of the interior solution.

Thin magnetic screens are often used at large distances from the device to be iso-
lated. Elements with large aspect ratios can be used in such screens and will not
adversely affect the solution accuracy. However, if a detailed evaluation of the
field at a corner or next to a small gap is required, then the elements’ dimension
must be small compared to the feature being modelled. Therestriction is perfectly
reasonable, in any direction where the field is changing rapidly the element dis-
cretisation must be capabl e of modelling the changes.

Permeable Vector Potential Volumes

For some types of problem, it is possible to improve the solution time considera-
bly by careful choice of where volumes of differing potential type are placed. A
particular instance is when highly permeable vector potential volumes are placed
adjacent to magnetic scalar air volumes.

To improve the solution time for this situation, it is recommended that the vector
potential volume be extended into theair for ashort distance. In thisway, thejump
from vector to scalar potential does not coincide with alarge change in permea-
bility.
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I ntroduction

This section describes the electromagnetic field analysis program SOPRANO,
which is one of the analysis programs of the OPERA-3d Vector Fields Electro-
magnetic Analysis Environment.

SOPRANO can be used to compute high frequency electromagnetic fields,
including eigenvalues, in three dimensions. The program incorporates state of the
art algorithms for the calculation of electromagnetic fields and advanced finite
element numerical analysis procedures. In the following sections the algorithm
used in SOPRANO is described so that users are able to relate the finite element
model to their application problem.

The SOPRANO Algorithm

TheEigen Value TheEigenvalue solver, SOPRANO-EV, is designed to solve resonant cavity prob-

Solver lems containing lossless, isotropic dielectrics. The walls of a cavity are treated as
perfect electrical conductors (PEC) which is a good approximation at high fre-
quency.

SOPRANO-EV models the electric field directly using “edge” elements rather
than using the potential formulation used by ELEKTRA. In this approach the
degrees of freedom associated with E are not its components directly, but the emf
jump between connected nodes. The emf e(;;, is defined as,

Cijy = Jl E-d (6.70)
{ii}
wherei and j are two nodes in the mesh and I j;, is the directed edge connecting

them. Thisisthe origin of the term “edge” in edge elements. In some respectsthis
approach is very similar to the method of Yee in Finite Difference Time Domain.
The advantage of edge elements is that they model the important singular field
behaviour around re-entrant corners accurately and in avery natural manner.

At high frequency the Electric field obeys the vector wave equation:

0 2(z-:E)

ot?

VxﬁVxE = _ (6.71)
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with the following condition holding on PEC boundaries
Exn=0 (6.72)

Further assuming al materials within the cavity are linear, (6.71) reduces to the
vector Helmholtz equation for each individual mode m,

V x &V xE—e0 E =0 (6.73)

Applying the Galerkin method as usual, this leads to a sparse generalised eigen-
value problem,

Ke=w Me (6.74)

from which the eigenval ues wy,, can be determined.

SOPRANO-SS al so uses edge elementsto solve the wave equation in terms of the
electric field. Prior to version 7.5, a nhodal formulation in terms of the magnetic
vector and electric scalar potentials was used, and for compatibility boundary
conditions are still defined in terms of magnetic vector potential. The equation
solved isidentical to the equation for SOPRANO-EV except that the angular fre-
guency o is defined by the user i.e. a deterministic solution of the eguation is
made.

inVx E—e0’E = 0 (6.75)

Again, the assumption isthat al materials are linear.

TimeVariation in SOPRANO

There aretwo SOPRANO analysis modules, each solving adifferent form of time
variation.

»  SOPRANO-SS calculates steady-state fields (the time harmonic form) where
all fields and potentias are oscillating at the same frequency.

» SOPRANO-EV calculates the modes of an oscillating system, returning the
characteristic frequencies (the eigenvalues) and related modes of vibration
(eigenvectors).
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The Time Under steady state alternating excitation a complex potential substitution can be
Harmonic used. This carriesthe assumption that the materials have linear characteristics and
Equations that therefore the waveforms of the potential and field are precisely the same. The
substitutions are:
E(t) = E.e"
_ (6.76)
H(t) = He'®

where o is the angular frequency of the alternating excitation.

For high frequency analyses, it is hot usual to use conductivity, but instead to use
acomplex permittivity, where the imaginary part takes into account the losses of
any material, e=¢’—ie’’. The conductivity isthen equivalent to the term we” .

With these assumption equation 6.75 becomes
v x iv X E 0 ¢'E +i0%"E, = 0 (6.77)
or
Vx 3V XE. —0%E, +i0cE, = 7
XH XE,—w¢’'E.+imcE; = 0 (6.78)

The user may specify either the permittivity and the conductivity or the modulus
and phase of the complex permittivity.

The Eigenvalue Solution

The Eigenvalue Program (SOPRANO-EV) finds the eigenvalues closest to a
given frequency, or within a specified range. In the pre processor the user selects
which method is preferred, and is prompted for values accordingly.

The method to find a range of eigenvalues must be to used with some care. Asa
rule of thumb the number of eigenvaluesin a unit range about the nh e genvalue

isproportional to n3 (thisisaproperty of three dimensional systems). For example
if the first two eigenvalues of a system are 1 and 2, then approximately 8 eigen-
valuesfall in the range 1-3 and 27 in the range 1-4.

The Eigenvalue solver must hold all eigenvectorsin memory if it isto determine
al the values in a given range. As computer resources are limited the eigenvalue
solver will be able to store only a limited number of solutions. Therefore it is
advised that the range of the search in the eigenva ue spectrum is kept as small as
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possible. Preferably run repeatedly a small model to sketch out the general spec-
trum of eigenvalues, and then alarger model to determine the values of interest to
a higher level of accuracy, searching for the eigenvalues closest to a given fre-
guency.

Boundary Conditions

Boundary conditions are used in two ways. Firstly they can provide a way of
reducing the size of the finite element representation of symmetrical problems.
Secondly they are used to approximate the magnetic field at large distances from
the problem (far-field boundaries).

General Problem symmetry and the symmetry of the fields are implied by the potential
boundary conditions applied to the finite element model. The simplest types of
boundary condition are:

Table 6.12 Boundary Conditions
Field Vector
Symmetry| Potential

H-n=0 Axn =0

TANGENTIAL MAGNETIC

or Exn =0 V=0
NORMAL ELECTRIC
or
PEC
Hxn =0 [(VxA)xn =0

NORMAL MAGNETIC
or
TANGENTIAL ELECTRIC | E.-n =0 A-n=0

oV _
35 = 0
RADIATION See section “ Open Boundaries’

on page 6-53.

where n isthe normal unit vector to the surface being considered. Note that in the
above V refers to the electric scalar potential.

One of the NORMAL or TANGENTIAL field conditions or the RADIATION
condition should be applied on all exterior boundaries.

|
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Sourcesin SOPRANO-SS, the deterministic steady state solution, are defined by
assigning non-zero values to components of the vector potential boundary condi-
tions. (See “The Time Harmonic Solver” on page6-50.) Since

A

E= 3t = —iwA (assuming VV = 0), specifying values of A on the port of a
microwave structure also specifies E. For example, specifying
-9
_ _ _ 1x10 X
A=A, =0, Ay— o 005(0.086) (6.79)

on the boundary representing a port of amicrowave device 86 mmwidein X, cen-
tred on X = 0 on the XY plane and operating at 1GHz applies the fundamental
mode of the Y-directed electric field with peak value of 1 V/m.

The default boundary condition is only weakly satisfied even when it is assigned
to asurface. ‘Weakly satisfied’ meansthat it is applied as an integral over the sur-
face patch for each shape function sub-domain.

For example, examination of the magnetic field solution close to a PEC surface
will reveal that the normal component of the field is not zero. The magnitude of
the norma component reflects the local accuracy of the solution unless it is the
result of a model error. On the surface itself however, the normal component is
forced to be precisely zero by the post processor.

Electromagnetic fields are frequently not contained within a finite volume. In
practice, at long distances from the device producing the field, the distribution
will be modified by the local environment, but this will not effect the field close
to the device. Except where the interaction with the far environment is of interest,
thefield from anisolated deviceisusually required. A simplefinite element mesh
obvioudy has afinite extent and applying either potential or derivative boundary
conditions on the open boundaries will perturb the true infinite domain solution,
and will in fact reflect al energy incident upon it.

There are techniques that accurately model the infinite domain, and one of these
has been implemented in SOPRANO-SS. It isonly necessary to identify the outer
boundary using the boundary condition RADIATION. Thisimposes and Absorb-
ing Boundary Condition, which effectively absorbs any energy incident upon it,
and does not reflect the energy back onto the model being solved.

It is recommended that the mesh be extended to a reasonable distance, typically
about 1 wavelength, using at least 10-15 elements per wavelength. The outer
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boundary should be convex, without sharp corners. Better resultswill be obtained
the closer this boundary isto spherical in shape.

I deally the radiating source in the problem should be at the approximate centre of
the coordinate system. The absorbing boundary is then a sphere, centred on the
origin of the coordinate system, giving the best accuracy. In general, take care not
to place the boundary at or near the origin, as this can cause excessive errors.

Eigenvalue Within SOPRANO-EV, there are no sources included in the model — it is not a

Boundary driven problem. Other than symmetry planes, the model must be enclosed by per-

Conditions fect electric walls, with no RADIATION conditions present. Symmetry may still
be exploited in the usual way, aslong as it implies a closed volume that is to be
modelled.

|
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SCALA, Space Charge Analysis

I ntroduction

This section describes SCALA, the electrostatic 3D space charge beam and field
analysis program. The program represents the results of many years research,
development and application experience.

SCALA can be used to compute el ectrostatic fieldsin three dimensions, including
the effects caused by space charge in beams of charged particles. The program
incorporates state of the art algorithms for the calculation of electromagnetic
fields, advanced finite element and non-linear equation numerical analysis proce-
dures. In the following sections the algorithms used in the Space Charge program
are described so that usersare ableto relate the finite element model to their appli-
cation problem.

The SCALA Algorithm

SCALA uses the finite element method to solve the electrostatic Poisson’s equa-
tion, and calculate the electric scalar potential (see the description on the use of
scalar potentialsin section“TOTAL and REDUCED Magnetic Scalar Potentials”
on page 6-9).

The space charge density, included in the Poisson’s equation solution, is found by
calculating the trgjectories of aset of charged particles from the emitters under the
influence of the electrogtatic field and the magnetic field from any conductors
included with the data. (See the SOLVERS command in the OPERA-3d Refer-
ence Manual for another way of supplying a magnetic field). The particle trajec-
tory calculations include full relativistic correction. The characteristics of the
emitter are used to associate a number density (and hence a current and charge
density) to the trgjectory. The trgjectories are intersected with the finite element
mesh in order to allocate their space charge to the nodes of the mesh.

Different types of particle emission models can be selected in the analysis pro-
gram. These include Child’'slaw and Langmuir/Fry relationships for the calcula-
tion of the space charge limited current, field emission relationships and defined
current densities and initial energy. Several emitting surfaces can be specified in
amodel, the type of particle and the emission model used can be selected for each
surface. The emitting surfaces may overlap each other.
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Thermal emission models

Thermal The thermal saturation limit assumes that the electron current emitted by an elec-
saturation limit-  trodeis independent of the applied voltage, and that it depends only on the tem-
type O perature, work function and emission constant of the material. The current density
is given by the Richardson-Dushman law
_qeq)w
jo = AT% (6.80)

where A is the emission constant for the surface in Amps/cmz, dyy IS the work
function of the cathode material in volts, g is the electronic charge in coulombs,

k is Boltzmann's constant (1.3804x10-22 Joule/Kelvin) and T is the temperature
of the cathode.

Theinitial velocity of the particlesisassumed to be the mean of the thermal veloc-
ity Maxwellian distribution.

Child'sLaw Child's law gives the maximum current density that can be carried in a beam of
current limit - charged particles across a one dimensional accelerating gap. The equation is
type 2 derived by requiring equilibrium of the charged particles with a self consistent

space charge field.

In order to apply this equation within the program, an accelerating gap width d
must be supplied, see Figure 6.1. The equation only appliesto infinite planar emit-
ters. Itisassumed that the radius of curvature of the emitting surface islarge com-
pared to the dimension d and that therefore the one dimensional solution can be
used.

The equation for the space charge limited current is

3/2
4e V
jo= =2 2490 (6.81)

where g is the permittivity of free space, Zq isthe charge on the particle in cou-
lombs, my isthe particle rest massin kilograms and V, is the accelerating voltage
applied to the accelerating gap d.

When this model of the emitter is used in the space charge solution program, the
accelerating voltage is determined by calculating the voltage at a distance d nor-
mal to emitter surface, from the finite e ement solution.

|
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Figure6.1 Potential distribution between two electrodesfor a Child’sLaw emitter.
Theemitter on theleft-hand sidehasa potential of Ovolt. Theother electrodeonthe
right-hand side has a potential of 1000 volt.

The distance d should be such that two or three elements are included between the
sample point and the surface, it should also be small compared to the radius of
curvature of the surface.

Theinitial velocity of the particlesisassumed to be the mean of thethermal veloc-
ity maxwellian distribution. The emission constant, work function and tempera-
ture must be given, and if the Child's law current density exceeds the thermal
saturation limit, the current density will be limited to the saturation value.

For emitter types 1, 2 and 8 the current from the emitter is equal to the current
actually leaving the emitter. Any test beamlet (particle) that is returned to the
emitter by the potential barrier is not included in thetotal current from the emitter
that the program prints out in the .resfile.

Langmuir/Fry Child's law assumes zero initial energy particles. A more realistic one dimen-
current limit - sional solution can be found taking into account the velocity distribution of parti-
types 1 and 8 clesin athermionic emitter.

In many cases thermionic emitters are operated in a space charge limited mode.
This produces a uniform current distribution because the flow is insensitive to

]
Version 8.5 OPERA-3d User Guide



6-58 Chapter 6 - Analysis Programs

local variations of the surface emissivity. The initial particle energy distribution
isimportant in this case.

A non-linear differential equation must be solved in order to calculate the space
charge limited current (Reference: Kirstein, Kino & Waters, Space Charge Flow,
McGraw-Hill, pp265-276), the program solves the non-linear equation using a
shooting method.

\;
[<}

T
=
(=]

AN

AN

LMD Potential Minimum Distance (PMD)
< d > Sampling Distance d (2 - 3 * PMD)
HEEEEEEE
%(_J
3 elements
- ~ J
8 elements

Figure 6.2 Potential distribution between two electrodes. The emitter on the left-
hand side hasa potential of O volt. The other electrode on theright-hand sidehasa
potential of 1000 volt. The space chargein front of the emitter isgenerating a
potential barrier.

Asinthe Child’'slaw model, asample distance d must be specified, see Figure 6.2.
The sampling distance should be 2 to 3 times the va ue of the potential minimum
distance.

The one dimensional Langmuir/Fry model is then solved using the voltage com-
puted at the sample point.
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The initial velocity of the particles is computed from the displaced Maxwellian
distribution of the particles that escape the voltage minimum that exists in front
of the emitter.

Two options are supported with the Langmuir/Fry emission model. The particles
are either tracked from the specified emission surface (type 8) or from a virtual
cathode (type 1).

Thevirtual cathode is defined by a set of positions on the normals from points on
the emission surface, where the voltage is equal to the value at the emission sur-
face. This assumes that the space charge is creating a voltage minimum in front
of the emitter, if the voltage minimum does not exist then particles are tracked
from the emitter surface.

It should be noted that the sample distance d must be larger than the spacing
between the emission surface and the computed virtual cathode.

For emitter types 1, 2 and 8 the current from the emitter is equal to the current
actually leaving the emitter. Any test beamlet (particle) that is returned to the
emitter by the potential barrier isnot included in thetotal current from the emitter
that the program prints out in the .resfile.

This option samples the velocity distribution of the electrons escaping from a
thermionic emitter. Normal and tangential velocities may be sampled in the cur-
rent release of the software.

The Maxwellian velocity distribution is divided into a set of ranges (also called
bins) such that each range contains the same number of particles. Figure 6.3
shows an example of avelocity distribution with 4 bins. A test ray istracked from
each velocity bin, its velocity is determined by the average kinetic energy of the
particlesin the bin.

Emitter type 10 uses only a normal velocity sampling; emitter type 11 uses both
normal and tangential velocity sampling (the Maxwell distributions for the nor-
mal and tangentia directions are independent).

The current density of electrons at a particular velocity (V) isje n(v) where

_qeq)w

= AT?e T (6.82)

e

and the normalised distribution function in terms of velocity is
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Figure 6.3 Maxwell velocity distribution with 4 ranges
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Depending on the specific geometry of afinite element model some space charge
may build up in front of an emitter. In this case the cathode's current is “space
charge limited”; there will be a potential barrier in front of the cathode created by
the space charge, see Figure 6.4.

Volts L 4
- 4 ’
0
Distance from the
AV/5T Emitting Surface
\ Potential-
Barrier

Figure 6.4 Potential barrier in front of an emitter

In order to |eave the emitter surface, an electron needs an initial velocity (kinetic
energy) greater than that required to pass over the potential barrier.
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If the current is space charge limited, the finite element mesh close to the emitter
surface must be capable of modelling the voltage minimum that may occur.

With agiven value of the potential barrier Vpg the escape-velocity can be worked

out, see Figure 6.5. In the given example four test trgectories are being emitted
per emitting point, but only two of these are capable of passing the potential bar-

rier.
Number density
[electrons / cm3] :
N
|
i
i
i \
|
i
i
i \\
i
i
0 i C
i Velocity
N
7 R
-m,-v? = q'VPB

Figure 6.5 Two trajectorieswith energy greater than Vpg areleaving the example-
emitter of Figure 6.3

A test ray from adiscrete normal velocity bin can escape the potential barrier only
if

2-9-Vpg
normal > m
e

Y, (6.84)

The potential barrier doesn't affect the tangential velocities of emitter type 11.
The only fact which determines whether a particle escapes or not is the normal
velocity.

Example for If you ask the program for a normal sampling = 4 and a tangential sampling = 2,
emitter type 11 the Maxwell velocity distribution will give 4*2*2*4 = 64 test-rays per emitting
point, but only 32 of these can escape the potential barrier in Figure 6.5.
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The factors above are based on
4 normal samplings for the example in Figure 6.3,
2 beams tangentia (in x direction),
2 beams tangential (iny direction) and
4 combinations (x+y, X-y, -X+Y, -X-Y).

The resolution of the emission current is defined by the equation

ISaturation (6.85)

number of Viormal bins

Resolution =

For afull nonlinear solution asampling of the normal velocity should be expected
to require more than 10 hins.

Field effect emission models

Thisoption calculatesthe current that will be extracted by very high electric fields
applied to the surface of the cathode. Significant tunnelling of electrons close to
the surface of acold metallic cathode will occur if ahigh electric field is applied
to materials with alow thermionic work function. Fowler and Nordheim (1928)
derived arigorous solution for this tunnelling current:

3
1 -6.83x 1007,

e o 28x10,
J=62x109 1| —E—e F (6.86)
q)W Ef+¢w

where J, isthe current density in Amps/cmz, E; isthe Fermi energy of electronsin
the metal and E isthe electric field in VoltsMetre applied to the metallic surface.
Extensions to the basic theory to include the change in barrier voltage produced
by the escaping electrons give the following result:

4nb(2qmo)1/2¢w3/2

_ A(hgE\? 1 Eh
3 = A( 475K) T © (6.87)

where his Planck’s constant, and:
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I\JII—‘

(6.88)

211
(47580) q)w
1 \L.33
2

3( 1+ 0.1107 ﬁglL

(47e0) 0,

Schottky Field This option calculates the current that will be emitted from a cathode, at a known
emission - type5  temperature, for the lowest field strengths at which field emission occurs. The

current density (Jsin Amps/cn?) is given by

1

3_2
_qeq)w + (qu)
2 KT
Jg = ATe (6.89)
Extended At intermediate fields, the extended Schottky model predicts higher and more
Schottky Field realistic currents. In this case the current density is given by
emission - type 6 1/4_3/4
nhg, E
1/2
_ 4 _1(2m)
Je = Js 1/4.3/4 (6.90)
. mwhg, E
sn 1/2
(2m)

where Jgis given by equation 6.89

Automatic Field  Threeregimes of field emission are available in the software, the choice depends

Emission on the magnitude of the electric field at the start point of each particle. Users may

selection - type 7 either select a particular model, as shown above, or alow the program to deter-
mine which model is appropriate (type 7). The program will select the model that
givesthelargest current density.

]
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Field
Enhancement
Factor

Specifiedcurrent
density - types 3
and 20

Plasma Free
Surface Model -
type 102

Emitter types1, 2
and 8

Emitter types 10
and 11

Chapter 6 - Analysis Programs

The value of electric field, E, computed by SCALA and used in the expressions
for the field effect emissions (emitter types 4, 5, 6 and 7) may be multiplied by a
user defined field enhancement factor. This alows the user to smply modify the
emission model without re-specifying all the emission surface parameters. The
default value is 1.0 if not specified. See “Record 3" on page 6-67.

Other emission models

The program has options that allows a current density and initial particle energy
to be specified.

A simple model has been introduced that allows extraction of particles from plas-
mas to be modelled. The emission boundary of the plasma is defined as the sur-
face on which the normal component of the electric field strength is constant. The
first point of the user specified emitter surface is kept fixed, the other points are
adjusted to achieve this constant field condition. Child’s law is then used to com-
pute the current density that can be extracted from each point on the plasmaemis-
sion boundary.

Emitter Current

The current from the emitter is equal to the current actually leaving the emitter.
Any test beamlet (particle) that is returned to the emitter by the potential barrier
isnot included in the total current from the emitter that the program prints out in
the .resfile.

Thetotal emitted current is printed without subtracting particles that return to the
emitter. It is necessary to use the post processor VIEW INTERSECTION command
to calculate the current in the beam.

Emitter Data Files

The emitter surfaces must be described in a datafile with a filename extension
.emit, and the same filename as the model geometry file.

|
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The first seven lines of the .emit file are referred to as Records 1 to 7. In Record
7, one of five different face segment geometry types can be chosen, which will
then be described in detail as Records 8.0 to 8.4. Four of these definitions are
defined by coordinates (described in Records 8.0 to 8.3). The emitting surface can
also be defined by alabelled face (described in Record 8.4). Thelabel in the .emit
file must match the label used in the model.

N.B. CGS units must be used in the .emit datafile.

The .emit datafile format is as follows (note that free format input is used and all
data items must therefore be entered):

Record 1 Model symmetry

This data specifies how a complete model should be created from the section that
has been discretised. Where the model and field exhibit some symmetry it would
be costly to discretise the complete space and unnecessary. The discretisation
should model the minimal symmetric part of the complete object, but the field
must also share the same symmetry. For example, if the geometry and field have
aplane of mirror image symmetry, then only half the complete model needs to be
specified. The method used to add the space charge from the particle beams into
the finite element model also takes advantage of symmetry, only the sections of
the emitters inside the discretised space should be described in the .emit datafile.

Field
Number

1 Integer [None |Order of rotational symmetry about the Z
axis. If the sign is negative then the voltage
changes sign in each section.

2 Integer [None |Reflection flag for XY plane.
0 = no reflection

1 = positive mirror image
-1=inverted mirror image

3 Integer [None |Reflection flag for YZ plane.
0 = no reflection

1 = positive mirror image
-1=inverted mirror image

4 Integer [None |Reflection flag for ZX plane.
0 = no reflection

1 = positive mirror image
-1=inverted mirror image

Type | Units Description
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Record 2 Global parameters

Chapter 6 - Analysis Programs

A number of independent emitting surfaces may be defined in amodel. Each sur-
face hasits own emission characteristics. Some parameters apply to all aspects of
the calculation, for example, the maximum distance between the points used to
represent each trajectory, the accuracy of the trgjectory calculation and the dis-
tance used to evaluate the current limit models.

Field

Number Type | Units Description

1 Integer INone |Number of Emitters

2 Rea |cm Maximum step length allowed in the trajec-
tory calculation. Note that there is alimit of
5000 steps per tragjectory.

3 Red Absolute tolerance for the tragjectory calcula
tion.

4 Read |cm Normal sampling distance. Thedistancefrom

the emitter surface used to samplethevoltage
for the Child’s and Langmuir/Fry equations.

Records 3 to 8 are then repeated as a group, Number of Emitter times.
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Record 3 Emitter characteristics

The emission model is specified for each emitter, together with the data required
to characterise the emitter.

Field
Number

Type | Units Description

1 Integer INone |Emitter type:

0 = Thermal saturation limit

1 =1D Langmuir/Fry limit

2 =1D Child'slaw limit

3 = specified current density

4 = Fowler Nordheim Field emission

5 = Schottky Field emission

6 = Extended Schottky field emission

7 = Automatic selection between types 4, 5
and 6

8 = 1D Langmuir/Fry limit

10= Maxwell Normal Velocity sampling
11= Maxwell Normal and Tangential Veloc-
ity sampling

20= Beamletswith defined position, velocity
and current

102= Plasma free surface model

2a Real  |kelvin |Emitter temperature

32 Rea |volt Emitter Work function (particle energy for
emitter type 3)

42 Read |amp |Materia’sEmissionconstant (A inegn 6.80).
cm2  |(Current density for type 3 emitter)

5 Red None |Field enhancement factor for field effect
emitters types 4 through 7. If omitted, the
default value 1.0 is used.

a. Thevaluegivenfor Field 2 has no effect with emitter type 3. The values
given for Fields 2, 3 and 4 have no effect with emitter type 20. How-
ever, values (for example 0.0) must be provided.

]
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Record 4 Particletype
Field : .
Number Type | Units Description
1 Rea |None |Particlerest massin electron rest mass units.
2 Integer INone |Number of charge quanta carried by the par-
ticle (-1 for an electron).
Record 5 Samplerays

Enhanced models for the emitters have been developed. These include sampling
of the velocity distribution of the input particles. Trajectories are calculated for a
set of particles. In the curved face emitter model at least one particle is started
from each subdivision panel of the face. The maximum distance parameter can be
used to increase the number used.

NEIr;:.It?er Type | Units Description

1 Integer INone |Number of sample bins used to sample tan-
gential velocity
(Only used with emitter type 11).

2 Integer INone |Number of sample bins used to sample nor-
mal velocity
(Only used with emitter types 10 and 11).

3 Rea |cm Maximum distance (tangential to the emitter
surface) between sample rays.
(Not relevant for emitter type 20)

Record 6 Number of Face segments

Number of face segments representing the emitter and the local coordinate system
that the emitter is defined in.

|
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Record 7

Record 8

Version 8.5

Each emitter can be modelled as a set of faces. The emitter is defined with respect
to alocal coordinate system (selected in order to orientate the face correctly).

NEIr;e]It()jer Type | Units Description

1 Integer [None | The NUMBER of Faces or Beamletsin the
model for the emitter.

2 Rea |cms |Theglobal X coordinate of the origin of the
local system

3 Real |cms |Theglobal Y coordinate of the origin of the
local system

4 Rea |cms |Theglobal Z coordinate of the origin of the
local system

5 Real |degrees| The THETA Euler angle

5 Rea  |degrees|The PHI Euler angle

5 Real |degrees| The PSI Euler angle

Records 7 and 8 are repeated as a group, Number of Faces/beamlets times.

Face segment geometry type

Field
Number
1 Integer [None |Geometry type for the face segment
0 = Extruded curved line segment
1 =4 point ruled quadrilateral facet
2 = 8 point curved quadrilateral facet
3 = A set of points and beamlet data (only
valid for emitter type 20)
4= A labelled face

Type | Units Description

A ruled surface is generated by afamily of straight lines (for a description see, |
D Faux and M J Pratt, Computational Geometry for Design and Manufacture,
published by Ellis Horwood Ltd., 1979, ISBN 0-85312-114-1).

Extruded curved line segment definition

A line segment is defined by the X and Y coordinates of its end pointsin alocal
coordinate system XY plane. Thelineis extruded between the two local Z coor-
dinates to create aface. The face is divided into facets as defined by the line and
extrusion subdivision parameter. At least one sample particleistracked from each

|
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facet, unless the facet size is greater than the maximum distance parameter. The
subdivision and maximum distance parameters should be such that a reasonable
number of samplerays are used, the spacing should be less than the element size.

The bias parameter on the line can be used to produce a non-uniform distribution
of particles along the line. If the biasis less than 0.5 the particles will be biased
towards the first point.

Nlljlrﬁlt()jer Type | Units Description

1 Read |cm Starting X coordinate of the line.

2 Rea |cm Starting Y coordinate of the line.

3 Rea |cm Final X coordinate of theline.

4 Rea |cm Final Y coordinate of theline.

5 Rea |l/cm |Curvature of theline (positiveimplies centre

isto the right of the line from start to end).

6 Real |cm Biasparameter (0.5 for uniform distribution).

7 Integer [None |Line subdivision.Number of segments the
linewill be divided into (for best results use
line segments that correspond with region
edges and have the same subdivision).

8 Read |cm Starting Z coordinate of the extrusion.

9 Rea |cm Final Z coordinate of the extrusion.

10 Integer [None |Number of divisionsin the extrusion direc-
tion.

4 point ruled facet definition

The emitting surface may be modelled with an assembly of quadrilateral facets,
defined by their four vertex coordinates. The edges of such facets are straight
lines, and the surface is ruled. The facets may be degenerated to triangles by
defining two consecutive, coincident points.

At least one sample particle is tracked from each sub-facet, unless the sub-facet
sizeis greater than the maximum distance parameter (Record type 5). The maxi-
mum distance parameters should be such that areasonable number of samplerays
are used. In general, with this type of emitter geometry, the sub- facets should be
coincident with a facet of the finite e ement model, and the maximum distance
parameter should be equal to or less than the finite element size. Thiswill ensure
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that all finite elements at the emitter surface are intersected by particles that are
used to sample the emission.

Field . _
Number Type | Units Description
1 Integer |none | Divisioninto sub-facets, along edges 1 and 3.
2 Integer \none | Divisioninto sub-facets, along edges 2 and 4.

Thefacet isregularly subdivided into sub-facets, according to the above parame-
ters. Edge 1 joinsvertices 1 and 2; edge 2 joins vertices 2 and 3; edge 3 joins ver-
tices 3 and 4; edge 4 joins vertices 4 and 1.

Note that the vertex ordering isimportant. Particlesleave the surfacein the direc-
tion of its outward normal, defined by aright hand screw convention rotating in
the direction of increasing vertex number.

NEIrﬁlt?er Type | Units Description

1 Real cm X coordinate of the first vertex.

2 Red |cm Y coordinate of the first vertex.

3 Real cm Z coordinate of the first vertex.
Nlljlrﬁlt()jer Type | Units Description

1 Red |cm X coordinate of the second vertex.
2 Real cm Y coordinate of the second vertex.
3 Rea |cm Z coordinate of the second vertex.
NEIr?]It()jer Type | Units Description

1 Red |cm X coordinate of the third vertex.

2 Real cm Y coordinate of the third vertex.

3 Rea |cm Z coordinate of the third vertex.
NEIrﬁIt;jer Type | Units Description

1 Red |cm X coordinate of the fourth vertex.
2 Real cm Y coordinate of the fourth vertex.
3 Rea |cm Z coordinate of the fourth vertex.

]
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8 point ruled facet definition

The emitting surface may be modelled with an assembly of quadrilateral facets,
defined by their four vertex coordinates and four midside coordinates. The edges
of such facets are curved, and the surfaceis curved. The shape of the facet isiso-
parametric, using a tri-quadratic mapping, equivalent to the surface shape
obtained with a 20 node isoparametric brick finite element. The facets may be
degenerated to triangles by defining two consecutive, coincident vertex points,
that are also coincident with the midside point on the edge between them.

At least one sample particle is tracked from each sub-facet, unless the sub-facet
sizeis greater than the maximum distance parameter (Record type 5). The maxi-
mum distance parameters should be such that areasonable number of sample rays
are used. In general, with thistype of emitter, the sub-facets should be coincident
with facets of the finite element moddl, and the maximum distance parameter
should be equal to or less than the finite element size. This will ensure that all
finite elements at the emitter surface are intersected by particles that are used to
sample the emission.

Field . _
Number Type | Units Description
1 Integer inone | Divisioninto sub-facets, along edges1 and 3.
2 Integer |none | Divisioninto sub-facets, along edges2 and 4.

Thefacet isregularly subdivided into sub-facets, according to the above parame-
ters. Edge 1 joinsvertices 1 and 2; edge 2 joins vertices 2 and 3; edge 3 joins ver-
tices 3 and 4; edge 4 joins vertices 4 and 1.

Notethat the vertex ordering isimportant. Particles |eave the surfacein the direc-
tion of its outward normal, defined by aright hand screw convention rotating in
the direction of increasing vertex number.

Nlljln?t()jer Type | Units Description

1 Red cm X coordinate of the first vertex.

2 Red cm Y coordinate of the first vertex.

3 Real cm Z coordinate of the first vertex.
Nlljln?t()jer Type | Units Description

1 Red cm X coordinate of the second vertex.
2 Red cm Y coordinate of the second vertex.
3 Real cm Z coordinate of the second vertex.
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Field . L
Number Type | Units Description
1 Real cm X coordinate of the third vertex.
2 Real cm Y coordinate of the third vertex.
3 Real cm Z coordinate of the third vertex.
Field . L
Number Type | Units Description
1 Real cm X coordinate of the fourth vertex.
2 Real cm Y coordinate of the fourth vertex.
3 Red cm Z coordinate of the fourth vertex.
Field . L
Number Type | Units Description
1 Real cm X coordinate of midside node between verti-
cesland 2.
2 Real cm Y coordinate of midside node between verti-
cesland 2.
3 Real cm Z coordinate of midside node between verti-
cesland 2.
Field . L
Number Type | Units Description
1 Real cm X coordinate of midside node between verti-
ces2and 3.
2 Rea |cm Y coordinate of midside node between verti-
ces2and 3.
3 Red cm Z coordinate of midside node between verti-
ces2and 3.
Field . .
Number Type | Units Description
1 Rea |cm X coordinate of midside node between verti-
ces3and 4.
2 Real cm Y coordinate of midside node between verti-
ces3and 4.
3 Red cm Z coordinate of midside node between verti-
ces 3 and 4.
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Field . L

Number Type | Units Description

1 Real cm X coordinate of midside node between verti-
ces4 and 1.

2 Real cm Y coordinate of midside node between verti-
ces4and 1.

3 Red cm Z coordinate of midside node between verti-
ces4 and 1.

Record 8.3 Beamlet with defined direction and current

This option can only be used with emitter type 20.

The data describes each beamlet that will beincluded in the calculation. The start-
ing position, velocitiesand current in the beamlets all must be specified. Note that
the beaml ets are specified in the local coordinate system defined in Record 6, this
affects both the coordinates and the velocities.

Nlljlrﬁt?er Type | Units Description

1 Integer |[Amps | The current in the beamlet

2 Integer |cm Thelocal X coordinate of the start of the
beamlet.

3 Integer |cm Thelocal Y coordinate of the start of the
beamlet.

4 Integer [cm Thelocal Z coordinate of the start of the
beamlet.

5 Integer |cm/sec |Initial local X velocity of the particlesin the
beamlet.

6 Integer |cm/sec |Initial local Y velocity of the particlesin the
beamlet.

7 Integer \cm/sec |Initial local Z velocity of the particlesin the
beamlet.

Record 8.4 L abelled Face

Additional labels may be added to a surface in the Modeller or pre processor to
allow the labelled surface(s) to be used as emitters. SCALA will ensure that at
least one trgjectory leaves every element on the surface, athough this will be
superseded by the maximum distance between sampl e rays specified in Record 6
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(see” Samplerays’ on page 6-68), if thisissmaller than the element size. Particles
will be emitted from the surface in the outward normal direction of the surface if
only the surface label is given or inward normal if the label is preceeded by a
minus (-). “ Toggling” of the outward normal direction of surfacesin the modeller
to ensurethat all surfaceswith thelabel are emitting in the same direction may be
necessary.

Field : .
Number Type | Units Description
1 Char- |none |Additional label on surface
acter (Note: Thistype of emitter cannot be used for
emitter type 20).

Example datafiles

An example .emit datafile defining a plane emitting surface (inan XY plane of the
global coordinate system) which emits particlesin the positive Z direction of the
global coordinate system. The emitting surface is modelled using an extruded
line.

1 0 1 0

1 0.2 0.001 0.004

1 12500 186  350.0

10 -10

1 1 0.05

1 0.0 515 0001 90 -9 90

0

00 00 0.085 0.0 00 05 6 -05 05 8

An example .emit datafile defining an eight node curved quadril ateral facet as an
emitter, the facet istriangular with points 1, 4 and 8 coincident.

4 0 0 1

1 0.005 0.011 0.001E-5

4 300.0 452 120.0

1.0 -1.0

1 1 0.4E-6

1 0.0 0.0 0.0 00 00 00
2 (Record 7: 8 node facet geometry)

30 4 (Record 8.1.0: sub facet division)

0.0 0.0 5.01E-6

|
OPERA-3d User Guide



6-76 Chapter 6 - Analysis Programs

4 0 0 1
2505E-6 00 4.339E-6
1.7713E-6 1.7713E-6 4.339E-6

0.0 0.0 5.01E-6
1.297E-6 0.0 4.8393E-6

2.3144E-6 0.9586E-6 4.339E-6
0.9171E-6 0.9171E-6 4.8393E-6
0.0 0.0 5.01E-6

An example .emit datafile defining a set of beamlets with specified current, posi-
tion and velocity.

4 0 0 1

1 0.005 0.011 0.001E-5

20 0.0 0.0 0.0 (Emitter type 20 - Fields 2 to 4 not

used)

1.0 -1.0

1 1 0.0 (With Emitter type 20 the maximum spacing is
not used)

4 0.0 0.0 0.0 00 00 00

3 (Record 7: Beamlet data selection)

10E-6 -01 -01 00 00 0.0 1.0E+6(Record8.3:)

3

10E-6 -01 01 0.0 00 00 1.0E+6

3

10E-6 0.1 0.1 0.0 00 00 1.0E+6

3

10E-6 0.1 -0.1 00 00 00 1.0E+6
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An example .emit datafile defining a labelled surface.

0 O 1 0

1 005 0.05 0.01

1 2600.0 425 1200

1.0 -10

1 1 0.1 (With alabelled surface emitter the maximum
spacing will only be used if the surface ele-
ments are larger than the spacing)

1 00 0.0 0.0 00 0.0 00

4 (Record 7: Labelled face)

LFEMIT (Record 8.4: Surface label with particlesemitted in the

direction of the outward normal

]
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Material Anisotropy to Represent Laminations

Version 8.5

In earlier versions of Vector Fields software, an option for modelling laminated
materials was available explicitly. In most casesthisis till available for compat-
ibility. However the trend is to model laminated materials using the more general
anisotropic material definitions. The following describes a method of using the
anisotropy feature to model lamination stacks in bulk.

This requires the modification of the BH characteristic by a packing factor (f)
from the BH characteristics of the solid material. The modification required
depends on the direction of lamination.

In the plane of the lamination

The component of the magnetic field strength tangential to the plane of the lami-
nation, Hy, is continuous at the air/steel (insulation) interface, i.e.

B B
H, = -2 - _steel (7.1)
Ko Hsteel
such that:
_ Usteel
Bsteel - u Bair (7'2)
0

The average flux density in the tangential direction, By, is given by:
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Hsteel
B, = fBgoq *+ (1-B;, = {fi;zeﬂl—f)}Bair (7.3)

The effective permeability in the plane of the lamination (tangential to the lami-
nation) is given by:

Mo
My = H_t = B = flgeel + (1=Nlg (7.4)

Ko

{f@ul—f)}a&”
t

In thedirection normal to thelamination

The component of flux density normal to the plane of the lamination, B, is con-
tinuous at the steel/ air (insulation) interface, i.e.

Bn = p'OHair = MsteeIHsteeI (7'5)

Hencethe average field strength in the normal direction to the laminationisgiven
by:

o

Hn = stteel +(:I-_f)Hair = {f +(:I'_f)}Hair (7.6)

steel

Hence the effective permeability in the normal direction is given by:

un = & - l"LOHZ'IliI’ _ Msteel “O (77)

Hn o B fp'0+(1_f)usteel
{f +(1_f)}Hair

Hsteel
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Combined magnetic and electric fieldsfrom TOSCA

The following describes the procedure required to calculate tracks in combined
magnetic and electric fields in the OPERA post processor.

1. Solvethe magnetostatic and el ectrostatic problems separately, mag.op3 and
elec.op3 will be used as the respective file names.

2. Now form the table of electrostatic model coordinates by activating the

elec.op3 file;,
Tables — Read and Write table files
CresteaTable
—Input data ...

¢ Tahlefile " Internal buffer & Database ¢ Selected surface

— Input table file

File name jJ

— Output data .
& Tablefile | |nternallbuffer, € Datahase 1 M autout

— Output takle file

File name |coords.table jJ
— Field components:

I 2|y 3|z

4] 5] 6

7l 6] 9

10] 1] 12|

The filename coords.table is entered only as an example (any filename is valid)
and the output components must be X, Y, Z. Click on OK to process the Table.

]
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During the next phase, the unit of flux density must be set to Gauss. Acti-

vate the mag.op3 file and determine the fields at the coords by selecting

Tables — Read and Write table files

Create a Table

Read and write table files E
—Input data ...
& Tahlefile " Internal buffer © Database ¢ Selected surface

— Input table file

File name |coords table

=L.|

— Output data .

& Tahle file ¢ Internal buffer ¢ Databhase

Mo output

— Output takle file

File name |fie|ds.tab|e

=

— Field components:

I 2|y 3|z
4[REX 5[REY B|RBZ
7| 8 9
10] 1] 12|

Cancel |

The filename fields.table is specified (any filename is valid) and the output com-
ponents set to X, Y, Z, RBX, RBY, RBZ. Click on OK to process the Table.
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4, Activate the elec.op3 file and set the magnetic fields at the coords by

Tables — Read and Write table files

Read a Table Read and write table files [ ]
— Input data ...

& Tahlefile " Internal buffer © Database ¢ Selected surface

— Input table file
File name [fields tahle jJ

— Output data .
 Tablefile  nternal buffer & Database Mo output

= Outputtakle file

Filzinarme | coords tahle jJ
— Field companents:

1]% 2|y 3|z

] ol 6]

7l gl |

10) 1] 12|

conce |

The combined magnetic and electric fieldswill be available and may be switched
on, when required, in the trajectory menu.

NB: The SCALA analysis program checks for nodal values of RHX, RHY and
RHZ, and uses these for overlaid magnetic fields. Values can be placed into the
database as described above - see the Reference Manual TABLE command for
details.

]
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Parameterized Modelsin OPERA-3d

Geometric Modeller

Command scripts can be written so that the model geometry is defined using
parameters. In order to help users achieve this, the Modeller provides alog file
containing al the input commands used to create a model. Having once created
the model interactively, thelog file can be edited to add parametersand thus create
ascript file that can be used to create anew model.

Pr e Pr ocessor

1. Createabase “standard’ model with no parameterisation in the normal
way. Write out the file as a pre processor file, say base.oppre.

2. Clear and reset the pre processor. Read the base.oppre model into the pre
processor.

3. Select MODIFY
— Select Point coordinates

— Set the plane number to the plane in which the parameterised coordinates
arerequired.

— Select Select/de-select point and pick the pointsyou wish to movein
this plane.

— Select Transform points and choose a method of moving the points.
— Asan example, select Displace and enter three values (say) 1.0, 0, O.
4, Closethe menus and write out the new file, say param.oppre.
5. Using asystem editor to edit the .opprefile.

— At the top of the file (in the first line above the first command) the user
defined constant for the displacement #xdis should be set (say to 2.54),

so enter?
$para #xdis 2.54

— Move to the bottom of the file and then move back up to the line (where
“n” is the plane you have chosen?)

1. Multiple parameters may be defined in the same file. Using the $ASK command
(rather than the SCONS command) will make the .oppre file prompt the user for
avalue of the user constant each time the file is read.

|
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MODIFY STAR=n | POINT

— Movedown to the DISP command and edit the line to include the param-
eter for the x displacement:

DISP #xdis 0 0!

» Savethe .oppre file. By editing the #xdis value you may create any offset
required each time the .opprefileis read.

2. Using ado-loop in the .opprefile will alow the parameterised val ues to be used
in many planes automatically.

1. Notethat thereisalso aDISPLAY command, aswell asthe DISPLACE sub-
command inthe MODIFY command. As commands are truncated to 4 characters,
this can lead to confusion searching for the correct linein the .oppre file. How-
ever, if the model was generated using the GUI, aline with the DISPLAY com-
mand should read: DISP SIZE=..., whereas aline with the DISPLACE sub-
command should read: DISP 100 ...

]
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Q and g (R/Q) factor from SOPRANO solution

Thefollowing describes the methods used to calculate Q and Q/R valuesfor ares-
onant cavity solution from SOPRANO.

Definitions

Definitions of geometric impedance, g (sometimes known as R/Q) characterizes
the efficiency of the geometry for particle acceleration. The units are Sl:

<
N

g= 5 (7.8)

Ol
O

where
P isthe power dissipated in the metallic surfaces
Q isthe quality coefficient
V isthe accel erating voltage seen by the particles, assumed to cross the whole cell
at the speed 3¢ and
V= J‘Ezcosjﬁﬂczdz (7.9

c isthe speed of light (m/s)
B istheratio of the speed of the particle to the speed of light
o is the angular resonant frequency

E, is the z-component of the electric field on the axis.

The Q factor may be calculated as:

Q= 20)"5\’ (7.10)

where W isthe energy in the cavity.

The geometric impedance g is associated with the shunt impedance per unit
length, R, as

R = 19 (7.11)

where

|
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the geometric impedance, g, is.

{fmet59e

R
- PO (7.12)

Mi>

2

L isthe cavity length.
Piscaculated over al the cavity wall in A/4 period.

Command filesto compute Q-factor and Geometric
| mpedance

The following .comi file calculates the Q factor of a SOPRANO resonant cavity:

/Set SI units

unit len=metr, flux=tesl,fiel=am,elec=vm,
s=amp, v=wbm, co=sm, cu=am2, p=watt,
fo=newt, ener=joul

/ Select the PEC (metallic) surfaces

sele type=surf label=pec

/Define variables for |Hxn|**2, omega,
/conductivity (for copper say 5e7 S/m), etc.

Spara #hxnm (nz*hy-ny*hz) **2+ (nx*hz-nz*hx) **2+ (ny*hx-nx*hy) **2
Spara #omeg 2*pi*freq

$cons #cond 5e7

$para #fact sqgrt (#omeg*mu0/2/#cond)

Spara #loss #fact*#hxnm

/Calculate surface integral and save in variable #i

surf -tave #loss
Scons #i integral

/Calculate magnetic energy

energy

/Calculate Q-factor

$Scons #g #omeg*energy*2/#I

/As a check, calculate the electric energy and Q-factor

volu -tave comp=epsilon0/2*emod**2
Scons #g2 #omeg*integral*2/#i

]
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The following is additional to the above .comi file and cal culates the geometric
impedance following the above commands:

/Calculate line integral for quarter wavelength length
/cavity setting #zend occurs at the peak field
/say 0.15 m) and beta (say 0.7)

Scons #zend 0.15

Scons #beta 0.7

line 0 0 0 0 0 #zend n=100

colo set code=9 1 1 1

plot comp=ez*cos ((z-#zend) *#omeg/#beta/c)

/Calculate the geometric impedance (R/Q),
/using #symm (the symmetry copies around the
/z axis say 8).

Scons #symm 8
$cons #imp integral**2/#i/#symm/2/#g

OPERA-3d User Guide
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External Magnetic Fieldsin TOSCA and SCALA

I ntroduction

It is sometimes convenient to introduce a “background” magnetic field into an
analysis. OPERA-3d supports thisfacility in magnetostatic TOSCA analyses and
in SCALA. A uniform field with any orientation may be specified. There are
many applications that can use these facilities, but the most common are:

* Including the Earth’ sfield
» Shielding calculations
» Combined eectric and magnetic field particle tracking

External magnetic fieldsin TOSCA

In TOSCA, the applied magnetic field contributes to the overall coil fieldsin the
problem. It is equivalent to having an infinite solenoid whose axis is oriented in
the direction of the field. Consequently, it is necessary for the exterior of the
model space (the outer layers of finite elementsin the mesh) to use reduced mag-
netic scalar potential. The extent of this layer is unimportant — a single layer of
elements works just as well as making al the air reduced potential. Figures 7.1
and 7.2 show two example models of ablock of steel inauniform Y-directed field
for which the results are identical, showing the extent of the reduced potential in
each model.

The magnitude and direction of the applied magnetic field is defined by its global
X, Y and Z components. The components are specified during the creation of the
.0p3 database under the

FILE)
...create new database — Analysis data — External fields
menu or the creation of anew case in an existing database using the

FILE |
...use existing database — Analysis data — External
fields

menu. The values should be specified in Oersted for CGS models or Amps/metre
for al other unit systems. Figure 7.3 showstheresulting field for the block models
shown in Figures 7.1 and 7.2.
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Figure7.1 Outer layer reduced
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Figure 7.2 All air reduced

External Fieldsin SCALA

The use of external fields in SCALA isto add a uniform magnetic field to the
computed electric field when the particle trajectories are being calculated. In
many space charge applications, the dimensions are sufficiently small that any
applied magnetic field existing in the same space can be considered uniform over
the volume. The applied magnetic field plays no part in the equations solved by
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UNITS
Length ‘mm
Magn Flux Den : T
Magnetic field :Am*
Magn Scalar Pot: A
Magn Vector Pot: Wb m*
Elec Flux Den :Cm’
Electric field v m™*
Conductivity ~ :Smm*
Current density : Amm*
Power ‘W
Force N
Energy J

PROBLEM DATA

tion Notes\external_2.0p3

TOSCA

Magnetostatic

Linear materials

Simulation No 1 of 1
7680 elements

8825 nodes
Nodal fields

LOCAL COORDS.
Xlocal =0.0
Yiocal =0.0
Zlocal =0.0
Theta =0.0
Phi =00
Psi =00

4 V- OPERA-3d

Post-Processor 7.092

Figure 7.3 Application of external Y-directed field to block

the finite element method but influences the trajectories taken by the particles.
Equally, the current in the beam produces zero perturbation on the magnetic field.
The external field is added to the .op3 file for the SCALA analysis through the
FILE menu, similarly to magnetostatic TOSCA analyses (see above).

The user should take care when adding magnetic fields to a SCALA model. The
symmetry that existsin the electric field when the magnetic fields are not present
may be disturbed by the asymmetric space charge resulting from the beam. Figure
7.4 shows two views of the emission current density from a simple el ectron gun.
On theright, there is no external magnetic field acting, while on the left a Y-field
of —2000 A/m has been added. As can be seen, the 8-fold symmetry obtained in
the zero field case is reduced to symmetry in the ZX plane when the magnetic
field is applied.

]
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UNITS

Length ‘mm

Magn Flux Den : T

Magnetic field A m*
ot

PROBLEM DATA
tion Notes\external_5.0p3
SCALA
Space charge
Simulation No 1 of 1
4930 elements
7866 nodes
Nodal fields

LOCAL COORDS.

Component: -J (i TP |
-0.0001 0.00545 0.011 N
W OPERA-3d

Post-Processor 7.092

Figure 7.4 Effect of external magnetic field on emitted beam
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Multiply Connected Regions

I ntroduction

The TOSCA, ELEKTRA and CARMEN programs all use magnetic scalar poten-
tials. CARMEN and ELEKTRA aso use magnetic vector potentials and electric
scaar potentials for conducting regions where unknown (i.e. not source) current
distributions exist. The benefit of using magnetic scalar potentials wherever pos-
sibleisthat only asingle unknown is solved at each node.

In the conducting regions of ELEKTRA and CARMEN, 4 unknowns
(3 components of magnetic vector potential and the electric scalar potential) are
needed. However, using magnetic scalar potentials can give rise to problems
called “multiply connected regions’. This term means that a magnetic scalar
potential domain surrounds a current carrying conductor in such a way that the
magnetic scalar potential becomes multi-valued at some point in the domain.

This arises from Ampere's law, which states that the line integral of the magnetic
field strength, H, around a closed contour is equal to the current enclosed, I, i.e.

$(H -dl) = | (7.13)
C

In a total magnetic scalar potential volume, the magnetic field strength is given
by the gradient of the total scalar potentia, v, i.e.

H=-Vy (7.14)

Hence, the contour integral of the gradient of the potential is equal to the current
enclosed and this leads to the potential becoming multi-valued at some point.

In practice, however, the potential valuesin TOSCA, ELEKTRA and CARMEN
cannot be multi-valued — only one value is allowed at each node. Conseguently,
multiply connected solutions show a sudden jump in potential across one element
and non-physical fields. A simple exampleis shown in Figure 7.5 and 7.6.

Automatic Scalar Potential Cutsin TOSCA

In-built pre processor and Modeller routines will correct a TOSCA model that
contains multiply connected regions. The software has the capability of checking
for multi-val ued total magnetic scalar potential regions, and introducing potential

]
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UNITS
| Length om
Magn Fiux Den : gauss
—Y100 Megnete ks - oored
Magn Scalar Pot :cersted-cm
Magn Vector Pot - gauss-cm
Elec FluxDen  +C o’

Electicfield v cm
Conductivity :Som
Curentdensity : A cm*
Power w
Force N
Energy 3

PROBLEM DATA
plication Notes\bar_1.0p3

Magnetostatic

Linear materials
Simulation No 1 of 1
1089 elements

335 nodes
Nodal fields

LOCAL COORDS.
Xlocal =0.0
Yiocal =0.0
Zlocal =0.0
Theta =0.0
Phi =00
Psi =00

X-2.0 X100 12.
2 R

VF OPERA-3d

| Post-Processor 7.092

Figure 7.5 Closed circular contour around multiply connected straight conductor

UNITS
Lengin em
Magn Fiux Den - gauss
S Magnetic field  : oersted
NN N\ Magn Scalar Pot : oersted-cm
N \ 7 Magn Vector Pot : gauss-cm
25.0 \ I Elec FxDen - C.om”
Electic feld :Vem
Conductiiy < S em
Current density : Acm”
w

20,0 | ¢
N | mo

Enerey 3
1501 AN

N | PROBLEM DATA
1 lication Notes\bar_1.0p3

100 N § o
| Magnetostatic
N ! Linear materials
L -~ - N — | Simulation No 1 of 1
5.0 s N -~ |, 1089 elements
i - \ \ s 335 nodes

\ AN [ \ Nodal fields

0.0 = = —H—

S
N /

5.0 ~— /\—/ LOCAL COORDS.

. . . ~u ) Xlocal =5.0

Ylocal =5.0

Local X coord 1.5 0.463525  -1.213526  -1.213525 0.463526 15 Zlocal =0.0
Local Y coord 0.0 1.426585 0.881678  -0.881678  -1.426585  2.6227E-07 Pheta =08

0.0 0.0 0.0

Local Z coord 0.0 0.0 PY -00
__ _Component: POT, Integral = 105.253

_ Component: HX*TX+HY*TY, Integral = 28.2947

BAu19% 144354 Page 17 |

VF OPERA-3d

Post-Processor 7.002

Figure 7.6 Potential and tangential magnetic field on circular path

“cuts” where appropriate in order to rectify the problem. The routines are acti-
vated during the database definition stage, although the user does have the option
of switching off the “automatic cuts’ at alater stage.

The ELEKTRA solver is completely unaffected by these functions. It istherefore
still necessary for the user to produce non-multiply connected models.

|
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Sour ce conductors

Source conductors are included in ELEKTRA and CARMEN by ensuring that
they are placed within a volume where the reduced magnetic scalar potential, o,
is solved. In these volumes the field is partitioned into the field created by the
source conductors, H, and thefield created by the magnetisation, H,,,, (+ thefield

created by the unknown currentsin ELEKTRA and CARMEN, H,) i.e.
H = Hg+H,(+Ho (7.15)

The sourcefield is calculated by the Biot-Savart expression and the reduced mag-
netic scalar potential represents the remainder of the field

H=H,-Vo (7.16)
To ensure that atotal magnetic scalar potential region is not multiply connected,

the reduced potential region should cut through an encircling total potential
region to give atotal current of zero in the reduced potential region.

A simple magnet example correctly constructed is shown in Figure 7.7, where all
of the problem space is total potential apart from the reduced potential region

indicated.

Figure7.7 Correct use of reduced potentials

Reduced
Potential
Volume

Multiply Connected TOTAL Regions

Things are not always as straightforward asin Figure 7.7, where areduced poten-
tial cut can be made within air in order to avoid amultiply connected total poten-
tial. A transformer for example has a closed iron yoke (normally atotal potential
region) surrounded in part by a primary coil carrying a non-zero current (Figure
7.8). Only one quarter of the yoke of the transformer is modelled, using the sym-
metry of the problem.
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\4}
=7
71V

N
= > =
= = = =
N B BB =

PROBLEM DATA
rse\app_multiply2.0p3

Component: BMOD
0.38322520193404 0,85906?9954739 1.3349067890137

Figure 7.8 Correct flux distribution in the yoke of a transformer

Figure 7.8 a so showsthe correct flux distribution in the yoke. Thereisahigh flux
density near the internal corners of the yoke, and a lower flux density near the
outer corners. The model has been set up using areduced potential cut through the
yoke itself, through the limb furthest from the primary coils. The cut volume is
defined as IRON REDUCED, and the rest of the yokeis IRON TOTAL.

Figure 7.9 shows the distribution of the total scalar potential in the yoke. The
potential is zero on both sides of the yoke touching the xz-plane (implied by the
NORMAL MAGNETIC boundary condition). In the cut on the left hand side, the
potentia drops from its maximum value to zero.
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Length mm
Magn Flux De
Magnetic field : Am

Magn Scalar Pot: A
Magn Vector Pot Wb m*
Elec FluxDen : Cm”
Electric field vV m*
Conductivity S mm*
Current density : Amm®

Power w
Force N
Energy 13

PROBLEM DATA
rse\app_multiply2.0p3
TOSCA

Magnetostatic

Non-linear materials
Simulation No 1 of 1
7008 elements

8112 nodes
Nodal fields
LOCAL COORDS.
Xlocal =0.0
Ylocal =0.0
Zlocal =0.0
Theta =0.0
Phi =00
Psi =00

Component: POT
.0

0. 4.84242%69341273 9.6848453868254:3

Figure 7.9 Total scalar potential in the yokewith correct cut in place

Incorrect In order to see how the solution is incorrect without a suitable cut, Figure 7.10

Solution shows the flux density distribution in an incorrectly defined model. In this case
there is no reduced potential cut at all. It is only under the coils that the flux is
pointing in the correct direction. Everywhere else the flux magnitude and direc-
tion isincorrect.

Magnetic field : Am"
Magn Scalar Pot: A
Magn Vector Pot Wb m*
Elec FluxDen : Cm*
Electric field v m*

Conductivity S mm*
Current density : Amm®
Power w
Force N
Energy 3

PROBLEM DATA
rse\app_multiply1.0p3
TOSCA

Magnetostatic
Non-linear materials
Simulation No 1 of 1
7008 elements
8112 nodes
Nodal fields

LOCAL COORDS.
Xlocal =0.0
Ylocal =0.0
Zlocal =0.0
Theta =0.0
Phi =00
Psi =00

Component: BMOD app_multiplyl_bmode ps
1.9994110765E-04 0.00524ﬁ69907949 0.0102934570513:

Figure7.10 Incorrect flux distribution in a model without a cut
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Thedistribution of thetotal scalar potential isshown in Figure 7.11. It can be seen
that the potential on the xz-planeisbeing forced to zero. Thisis dueto the bound-
ary condition of this plane, which is set to NORMAL MAGNETIC.

PROBLEM DATA
rselapp_multiply1.0p3
TOSCA

8112 nodes
Nodal fields

LOCAL COORDS.
Xlocal =0.0

Component: POT
.0

0. 0.004077‘20008912 0.0081544001782?

Figure7.11 Total scalar potential in amodel without a cut

Implied Cut in Total Potential Volume

In a problem that has a NORMAL MAGNETIC symmetry plane, as with the
transformer example above (Figure 7.8), the boundary conditions on the total
magnetic potential can be used to imply the cut by the reduced potential region.
Consider the yoke and coail in Figure 7.12, which are symmetric about the plane
Y =0. The cail, of course, must be reflected to obtain the correct answer.

The NORMAL MAGNETIC boundary condition implies the condition on the
reduced or total scalar potentials ¢ = 0 or y = O respectively. However, the total
scalar potential must satisfy Ampere’'s law (see above) which is achieved by
replacing they = 0 by y = +I. Theimplication isthat theimage in negative Y has
the condition y = —1 at the same boundary i.e. the potentia is discontinuous due
to aninfinitely thin reduced potential cut.

|
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+1

Reduced
Potential

« >« »
Normal Magnetic Y=+]

Figure7.12 Creating a potential jump to ensure Ampere’sLaw is satisfied

Example Figure 7.13 shows an exampl e of the use of an implied cut. The value of the total
scaar potential on the left-hand side of the yoke has been set to 10, the value on
the right-hand sideis zero (implied by the NORMAL MAGNETIC boundary con-
dition). A similar result would be obtained if the potentials were set to +5 and -5
Volts respectively - it isthe potential difference that isimportant.

Implied Cut in Vector Potential Volume

If the same problem is to be run in ELEKTRA with the yoke specified as VEC-
TOR potential and the surrounding air space both inside and outside the yoke as
REDUCED potential, it would appear that multi-valuing will not be anissue. In
fact, it isimportant to note that on an interface between reduced and vector poten-
tial volumes, ELEKTRA and CARMEN insert an infinitely thin region of total
potential. If the user only specifies NORMAL MAGNETIC boundary conditions
onthe Y = 0 plane, the boundary condition applied to the total potential at either
end of the interface will be y = 0, which will lead to a jump in potential some-
where on the interface and non-physical results. This can be overcome by insert-
ing areal region of total potential and applying appropriate boundary conditions,
asshownin Figure 7.14.
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Force :
Energy 13

PROBLEM DATA
rse\app_multiply3.0p3
TOSCA

Magnetostatic

Non-linear materials

Simulation No 1 of 1
7008 elements

8112 nodes
Nodal fields

LOCAL COORDS.
Xlocal =0.0

Zlocal =0.0
Theta =0.0

Component: POT

Figure 7.13 Total scalar potential in the yoke with an implied cut

AY TOTAL potential

%
VECTOR potential
Z

Yz

+1

ARNNNNNEN

Reduced
Potential
)X
W=+ Y=+
< -
Normal Magnetic Normal Normal

Magnetic Magnetic

Figure 7.14 Usingthin TOTAL potential layer to ensure correct modelling when
using VECTOR potential in material

In ELEKTRA-TR and CARMEN, it is necessary that the value of the boundary
condition follows the drive function of the coil. A label should be added to the
boundary conditions on the total potential so that the same drive function as the
coil can be specified when creating the .op3 file. In ELEKTRA-SS, it is only nec-
essary to use alabel on the boundary condition if the phase angle of the current in

|
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the coail is non-zero since the boundary condition must be in-phase with the drive.
For ELEKTRA-VL, it is not necessary to specify alabel, as al the drives are dc.

Multiply Connected VECTOR Regions

In ELEKTRA and CARMEN regions solved with magnetic vector and electric
scaar potentials (VECTOR regions) allow currents to flow. These conducting
regions may be carrying induced (eddy) currents or a current distribution pro-
duced by VOLTAGE boundary conditions. It isvery common for these regionsto
consist of acircuit of solid members with non-conducting spaces between them,
where the current flows along one member, through a connecting bar and back
along another member.

A good example of thisis the “cage” of an induction motor, which consists of
many conducting bars parallel to the axis of the motor and joined together at their
ends by conducting rings. This cageis situated within alaminated iron rotor body,
which can be considered as non-conducting since the laminations prevent axial
flow of currents.

The user must take care not to completely surround an individual member of one
of these circuits with a multiply connected magnetic scalar potential volume. In
this case, either total or reduced potentia will be multiply connected, since both
have to represent the H, component of the field. Rather than producing ajumpin

the scalar potential as seen with multiply connected total potential regions enclos-
ing non-zero currents, the scalar potentia will force the net current in the VEC-
TOR region to be zero to satisfy Ampere’s law.

To overcome this difficulty, the VECTOR region should be expanded to include
some non-conducting material such that the net current is zero. In the case of the
induction motor, this means that part of the laminated rotor between the bars
should be specified asa VECTOR region. A simple exampleis shown in Figures
7.15and 7.16, whilein Figure 7.17 the VECTOR regions for aCARMEN model
of an induction mator are shown.In the multiply connected model, the current
vectors in the circuit show that both positive and negative currents are induced
balancing to zero. The model has been corrected by making the region in the cen-
tre of the circuit AIR VECTOR and the current vectors now show unidirectional
flow.

]
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| 7-24

OPERA-3d

circl_c.ps

46.6677

24.9003
I

Component: IMOD

‘1.332873
|

Figure7.15 A multiply connected problem, showing wrong result if set up

incorrectly

OPERA-3d
Post-Processor 7.1

v.'

158.826

106,605

Component: JMOD

54.3832

Figure7.16 Corrected mode with an AIR VECTOR region in the centre of the

frame
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UNITS
Length :
Magn Flux Den : T
Magnetic field :Am*
Magn Scalar Pot: A
Magn Vector Pot: Wb m*
Elec Flux Den :Cm’
Electric field Vv m*
Conductivity  :Smm*
Current density : Amm*
Power ‘W
Force N
Energy 13

PROBLEM DATA

Sicprimilwaukee\im4.op3

CARMEN

Rotating machine

Angle = 5.0

Linear materials

Simulation No 3 of 6
25560 elements
28010 nodes

Nodal fields

LOCAL COORDS.
Xlocal =0.0
Ylocal =0.0
Zlocal =0.0
Theta =0.0

V- OPERA-3d

Post-Processor 7.092

Figure7.17 A multiply connected model in CARMEN showing the required

Version 8.5

VECTOR volumes
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Power and Energy Calculation in AC Solutions

Power Calculations

If acurrent and voltage waveforms vary as.

i =1 sin(ot)

v = V sin(ot) (7.17)

then the power in the system is given by:

P(ot) = vi = Vlsin(ot)sin(ot—-f)
VI[cos(¢p) — cos(2mt —d)]
I

A—%cos(th —-0)

(7.18)

A- % cos(¢)cos(2mt) — % sin(o)sin(2mt)

A+ Bcos(2mt) + Csin(2mt)

Hence when wt=0, then

P(0) = A+B

T _
P(3) = A+

P(g) = A-B

The time average power is given by:

P(0) + P(g) v

tav = T 5 - A= 5 cos(9) (7.20)

(7.19)

U
I

Energy Calculations

Since non-linear materials are not modelled, in a magnetic circuit, B and H are
sinusoidal. Replacing thei and v with B and H, the same arguments follow, such
that the time average energy is given by:

|
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E0)+E[(Z
E.. = —(2) = A= ucos(q)) (7.21)

tav 2 2

General

P is the system variable POWER, and E is the system variable ENERGY, set
after the ENERGY command, and ot is set by the TIME parameter. Further appli-
cation notes are available under the relevant commandsin the Reference Manual .

]
Version 8.5 OPERA-3d User Guide



7-28

Chapter 7 - Application Notes

| nductance Calculationsin OPERA-3d

No Magnetic
Material Present

Magntic
Material Present

The inductance of a coil is defined by either of the following equations:

(7.22)

(7.23)

Where: E isthe energy, | isthe current applied at the terminals of the coil, @ is
the flux linking the coil, L is the inductance, and N is the number of turnsin the
coil.

Single Coil Problem

In problems where there is only one coil, no permanent magnets and no external
fields, the inductance of the coil may be calculated in two ways.

If no magnetic material is present (TOSCA and SCALA) or no magnetic or con-
ducting material (ELEKTRA and CARMEN) is present, then the coil may be rep-
resented in the post processor with no mesh. The flux linking the coil may be
calculated using a suitable patch and the expression for Bomg  iSintegrated by
the MAP command where

B = Byn, + Byny +B,n, (7.24)

normal

Then @ = ”B | ds and equation 7.23 may be used.

normal

If a magnetic material is present (TOSCA and SCALA) or if a magnetic and/or
conducting materid is present (ELEKTRA and CARMEN), then a mesh must be
prepared, and an analysis carried out. In the post processor, the total energy of the
whole model may be calculated using the ENERGY command and the induct-
anceisgiven by re-arranging equation 7.22.

Multiple Coil Problems—Linear Materials

In problemswhere linear magnetic or conductive material is present, and multiple
coils are being model ed, the inductance can be determined in two ways.
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Multiple The total inductance of the system is given by
Analyses And _
Superposition Liotal = L11 tMpp+Myg+... + My (7.25)

Lyt My + Moz +... + My,
+ I-nn-" M1n+ M2n+ et I\/Inn

L =Ly tLlypt. . +2M, +2M o+ .. (7.26)

total

To obtain Ly, an analysisis carried out with the nt" coil excited, and all other coils

carrying no current. Each self-inductance is determined using a separate analysis
and equation 7.22.

To obtain the mutual inductance, M,,,,, an analysisis carried out with the mt" and
nth coils excited with all other coils carrying zero current. A second analysiswith
the nM current reversed is then carried out. This gives two eguations:-

_1, 2.1 2
E; = SLmm'm* SLanln * Mol (7.27)

1 2.1 2

E; = Shmmim* 5Lnnln=Mum!mln (7.28)
Subtracting equations 7.27 and 7.28 gives
E,—E, = 2M_ Il (7.29)
and M,,,, may be determined.
Flux Linkage Using the flux, ®, and the current in the cail, I, the self inductance can be calcu-
lated as:
L = N® (7.30)

A similar equation can be used for the mutual inductance, using the flux in one

coil dueto the flux generated by the current in another. Thisis calculated using:
N.®.

_ |

Ji
IJ

M (7.31)

Using the solution to the model with one coil switched on will alow you to find
the sdlf inductance of the coil, and the mutual inductance of other coils with
respect to that coil.

]
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Multiple Coils—Non-linear M aterials

If you wish to use non-linear propertiesit is necessary to have a solution with all
coils at normal operating conditions. This gives the equation for the flux linking
coil 1 as:

Ny@; = Lyly +Mplo+ Mygla+ o+ Myl (7.32)

for amodel with n-coils. Similar equations can be generated for &, etc.

The model must then be altered so that the current in any one of the coils is
changed by asmall amount (Al), saving the model, and generating a new solution
file (using restart run to speed matters up).

The small change should not grestly affect the field, but a small change of A®,
will occur for each coil. For example, for achange of Al4:

Ny (@ +AD,) = Ly(l+Al) + Myl + Mygla+ o+ Myl
No(®, + ADy) = Lyly+ M (I3 +Al) + Myglg+ .+ Myl (7.33)

Hence taking the difference between equation 7.33a and equation 7.32, we can
calculate L:

N, AD,
Al

L, = (7.34)
Equation 7.33b and equation 7.32 will give M54, and so forth. Modifying |, would

alow similar calculations for L, etc. Therefore, finding the self and mutual
inductance for all n coils requires n models to be solved.

This method can also be used if other energy sources are present, e.g. permanent
magnets or external driving fields, asit works on the basis of a changein field.

A changein energy calculation is possible but would require more solutionsto be
calculated, as only one piece of information is found from each model.
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Use of Command Scriptsto calculate Fourier Series

It is possible to generate command scripts that will generate the different compo-
nents of a Fourier series. These commands scripts make use of the $ commands
specified within the Reference manuals and are applicable to both 2D and 3D
solutions.

Thefollowing is an example .comi file that cal culates the Fourier components of
POTENTIAL where the full period has been modelled. The commands are those
for OPERA-2d but can be easily transferred to 3D by using the LINE command
followed by aPLOT command within the main DO loop.

/ Set the number of Fourier components

SCONS #n 8

/ Set the line for the integral - for a straight line
SCONS #x1 0

$CONS #yl 0

SCONS #x2 10

$CONS #y2 0

/ Assume the line of integration covers

/ one whole period.

/ If the line only covers half a period -

/ set #symm to 2 and remove the odd or even

/ component from the fourier series (see later)
SCONS #symm 1

/ Get the length of the line and the fractional

/ distance along the line

/ If working on e.g. an arc section,

/ #T should be the total Angle subtended by the arc,
/ #X the fractional distance around this arc

SCONS #T SOQRT ( (#x2-#x1) **2+ (#y2-#yl) **2)

SPARA #X SQRT ( (x-#x1)**2+ (y-#yl) **2) / (#T*#symm)

/ Set the function to be analysed

SPARA #Fx POT

/ Set the component that will be integrated for each
/ component

/ Temporarily set #i

SCONS #1i 0

SPARA #Cosi Cos (2*PI*#I*#x)

SPARA #Sini Sin (2*PI*#I*#x)

/ Loop through each component

SDO #I 0 #n

/ Get the Cos Fourier components of the function #Fx
/ Not necessary if the function is 0dd

INTL #x1 #yl #x2 #y2 ERRO=128 COMP=(2/#T) *#Fx*#Cosi
SCONS #A%int (#I) INTEGRAL

/ Get the Sin Fourier components of the function #Fy
/ Not necessary if the function is Even

INTL #x1 #yl #x2 #y2 ERRO=128 COMP= (2/#T) *#Fx*#Sini
SCONS #B%int (#I) INTEGRAL

SEND DO

/ If #Fx is an Even function

SCONS #A0 #A0/2

]
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Theresults of this analysis will be the components of the Fourier series described
by
F(X) = ap+a,cos(2nxt) + a,cos(4nxt) + ...
_ _ (7.35)
+ b, sin(2nxt) + b,ysin(4nxt) + ...
or using the notation of the .comi file:
F(x) = #AO0 + #A1l*Cos (2*PI*#x/#T) + #A2*Cos (4*PI*#x/#T) + ...

.+ #B1*Sin (2*PI*#x/#T) + #B2*Sin (4*PI*#x/#T) + ...

The .comi file aboveisagenera purpose command file and must be modified for
use in the correct context. If only part of the model has been created within the
software, the commands above must be changed to reflect the partial nature of the
results of the integral command, i.e.

F(x) isan Odd Function: An=0
F(x) is an Even Function: Bn =0
Only 1/4 period: Even harmonics e.g. A2, A4, B2, B4 are zero.
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Complex Material Properties

I ntroduction

The introduction of complex material propertiesin a.c. solutions can be a power-
ful tool for modelling the physical behaviour of a material. The effect of a com-
plex material property is to allow a phase difference between the two vector
quantitiesin the constitutive relationships:

B=pH
D=¢E
J=cE

The most commonly used of theseisacomplex u asamodd for hysteresis. This
has the effect of giving an elliptical relationship between magnetic flux density,
B, and magnetic field strength, H. For example, a material specified with arela-
tive permeability of 100 and a phase angle of 20 degrees (i, = 100 7 ®/9)) gives

a loop as shown. Complex permeability is available in ELEKTRA-SS and
SOPRANO-SS.

80 = -
6.0~ - P .

4.0~ ol e

20 < -

\ \ \ \ i
00 —

20 - -
4.0 - P _
60~ — -

-8.0 [/ - =

—
—1 L L

-0.1 -008 -0.06 -0.04 -0.02 0.0 0.02 0.04 0.06 0.08

— — Complex hysteresis loop

Figure7.18 Typical hysteresisloop

A complex value of € alows “lossy” dielectrics to be modelled, for example in
the equation:

V.efVVv=0

]
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wheree® = ¢’ —j ¢”, such that €’ is the permittivity of the material and ¢ = we”.
Complex permittivity is available in SOPRANO-SS and is useful when the lossy
term is frequency dependent, rather than assigning independent values for € and
¢ which will be used at all frequencies. It is also possible to use ELEKTRA-SS
to model lossy dielectric materials. Thisis discussed later in this document.

Complex conductivity, ¢, can be used in both ELEK TRA-SS and SOPRANO-SS.
Its primary function is to represent the hysteretic effects associated with super-
conducting materials, although it can also be used to represent alossy dielectric
material (c.f. complex permittivity). In this case, the permittivity is frequency
dependent.

Accessing Complex Materialsin ELEKTRA-SS and
SOPRANO-SS

Using acomplex material property for 3D modelsis very simple. When the data-
base (.op3 file) is being created, the Materials option on the Analysis data
menu allows the user to specify the properties for each material name used in the
model. For ELEKTRA-SS and SOPRANO-SS, phase angles (in degrees) may be
specified. Note that if the Multiple (anisotropic) material options are cho-
sen, the same phase angle isused in al three local co-ordinate directions.

Complex permeability in non-linear problems

When complex permeability is used in non-linear materials (ELEKTRA only),
the choice of phase angle can become difficult. As shown in Figure 7.19, choos-
ing asingle phase angle that is applied over the whole B vs. H characteristic can
give very different sized hysteresisloops. In fact, the hysteresis|osses (and hence
loop size) for a material operating at a peak flux density of 20 kGauss and at 25
kGauss will be nearly identical.

To obtain amore accurate solution, it isbetter to use several different phase angles
for different operating regimes on the curve. This can be achieved as follows.

1.  Runthe model non-linearly without complex permeability

2. Determinethe variation of peak flux density in the magnetic materials and
discretise into a number of ranges. The shape of the B vs. H characteristic
will dictate this discretisation but it is unlikely that all ranges will be equal.
For example, theranges (0—-0.5), (0.5-1.0), (1.0-1.2), (1.2-1.3), (1.3 -
1.35) and (1.35 — 1.4) Teslamay be suitable for a material that is not very
saturated.
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Figure 7.19 Using different phase anglesfor different partsof the BH curve

3. Re-assign the materialsin the model so that a different material nameis
used for the parts of the model that fall into each range of flux density.

4.  Runthe new model non-linearly with complex permeability using the same

B vs. H characteristic for all materials but assigning a different phase angle
for each material name.

Using ELEKTRA-SSto model lossy dielectrics

When the complex permeability options in ELEKTRA are used in magnetic
TOTAL scalar potential regions, the equation solved is:

V.u°vVy=0

whichisidentica inform to the equation for electric field problems given above.
Consequently, it is possible to create a magnetic field problem that will behave
numerically exactly as the electric field problem, and re-interpret the results dis-
played in the OPERA-3d post-processor. The value of the complex permittivity
should be assigned to the permeability of the materiad and the conductivity
assigned to zero. To assist in the re-interpretation of results, user defined param-
eters can be used.

/

/ Define parameters for electric scalar potential, #V,
/ electric field components, e.g. #EX,

/ electric flux density, e.g. #DX,

/ and current density, e.g. #JX

/

$

PARA #V POT

|
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SPARA #EX RHX*COST+IHX*SINT

SPARA #EY RHY*COST+IHY*SINT

SPARA #EZ RHZ*COST+IHZ*SINT

SPARA #EMOD SQRT (HEX**2+#EY**2+#EZ**2)

SASK #EPS ‘Enter value of relative permittivity’
SASK #SIG ‘Enter value of conductivity (S/cm)’
SPARA #DX #EPS*#EX

SPARA #DY #EPS*#EY

SPARA #DZ #EPS*#EZ

SPARA #DMOD SQRT (#DX**2+#DY**2+#DZ**2)

$PARA #JX #SIG*#EX

SPARA #JY #SIG*#EY

SPARA #JZ #SIG*#EZ

SPARA #JMOD SQRT (#JX**2+#JY**2+#JZ**2)

It is recommended that CGS units be used throughout.

ELEKTRA-SS can, of course, also solve this problem using rea VOLTAGE
boundary conditions and a complex conductivity (as mentioned above) in VEC-
TOR potential regions of the model. The disadvantage of this is that 3 compo-
nents of vector potential, A, are also solved at every node.
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Chapter 8

An Example Using the Pre Processor

Sarting OPERA-3d Pre Processor

Version 8.5

UNIX Operating Systems

In most cases it is advisable to run the programs from a suitable user directory
rather than the directory containing the Vector Fields software. Similarly, itisaso
advisable to run the software as a “user” rather than as “ system manager” status
since this protects against accidental overwriting of files.

Hence, as a user from a suitable local directory, OPERA may be launched by
entering:

opera

If both the OPERA-2d and OPERA-3d are installed, then the system prompts for
a choice and the OPERA-3d should be selected:

2d or 3d processing or QUIT?

34
(If only OPERA-3d is been installed, then this choice is not given).

Thisisfollowed by alist of options relating to processing environments and anal -
ysis modules available and the pre processor should be sel ected:

Option:
pre

OPERA-3d User Guide
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If you have not set any environment variablesin your system (seeimplementation
notes) then you are requested to select a method of graphics display. In this case
select the screen:

Graphics options: SCREen, FILE, BOTH or NONE? >SCre

A graphics window is then opened (in addition to the text window) and control
moves to the menu system. Access to the menu system isfrom the main menu bar
at the top of the graphics window.

Windows Systems

Launch the 3D pre processor from the OPERA Console or the Systray icon. The
OPERA Console can be started with the supplied VF icon.
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A ssmple model of an inductor

The first example using the pre processor is an enclosed inductor core with two
air gaps. A cut away diagram is shown in Figure 8.1.

7 po op3-

3dEie v ilds I WWindows Help S|
IBEERIE LTS o[o[s &[T félcowsSNTR[Amas B

|E x4z 2 [l s s @l [EB]e ]|

4/0ck/2001 16:56:41

UNITS

Length om
Magn FluxDensiy gauss
aan ed

1 conductor
Nodall interpolated fields

VECTOR FIELDS

| ——
Figure8.1 A section of the exampleinductor core
Thisexample model will be created in the OPERA-3d pre processor and analysed

using both TOSCA and ELEKTRA analysis modules. The results of thisanalysis
will then be examined using the OPERA-3d post processor.

The model has symmetry, and only 1/8™ of the model needs to be built. The com-
plete model can be reconstructed later in the post processor.
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The Baseplane of the M odel

The model is built using a Baseplane and Extrusion method. This requires that a
2-dimensional section of the mode! is created. This is then extruded in the third
dimension to build a 3-dimensional structure.

The method used to define the baseplane requires a series of steps.

1. Specify pointsin the baseplane that will be used to define the cross section
geometry.

2. Usethe pointsto create facets. These are surfaces which define the cross
sectional geometry of the model.

3. Dividethefacets to form a 2 dimensional finite element mesh.

Defining the baseplane points

Setting the Before starting to define the baseplane, switch on the 3d viewer. The 3d viewer is
coordinate optional, and is not required for building a model.

sysemand axis  pgpIne |

size Define new mesh — No 3d Viewer

(togglesto show 3d view of the model)

By selecting the 3d viewer in this way, a separate window will pop up automati-
cally after thefirst layer of elements has been created (see later).
To set the coordinate system of the baseplane, select

DEFINE |
Define new mesh — Finite element mesh — XY plane,
extrude in Z

This specifies that the baseplane will be in the XY plane and the extrusion direc-
tion is along the Z axis. To specify where on the Z axis the baseplane should be
positioned, set

W coordinate of plane = 0

|
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To enter the points to define the baseplane, an initia display size should be spec-
ified. To do this select

Minimum on horizontal axis = 0
Maximum on horizontal axis = 10
Minimum on vertical axis = 0
Maximum on vertical axis = 10
o]

and Accept the settings. Then select Point Input from the Define Baseplane

menul.
Entering Construction lines may be used to define the geometry of the baseplane. These
construction lines do not form part of the geometry but act as an aid to specifying coordinates.
lines Specify the following construction lines to help with point definition.

. Construction lines — Enter C Lines — By parameters — Arc

Arcs may be specified by centre point, start and finish points (in polar coordi-
nates). To do this, specify the following:

Centre U = 0
...... Y = 0
Start R = 3
...Theta = 0
End R = 3
...Theta = 90
Accept ‘ ‘ Dismiss

and Accept the settings. Note that if the start and end radii are not the same, this
will generate an archimedean spiral.

Add a second arc using:

Centre U = 0
...... \Y = 0
Start R = 2
...Theta = 0
End R = 2
...Theta = 90
Accept ‘ ‘ Dismiss

]
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Similarly, anumber of straight construction lines are required and may be speci-
fied by start and finish points with an angle of rotation. Enter these using Line:

Start. U = 0
...... Y = 0
Finish U = 10
...... Y = 0
Rotation = 0
Start U = 0
...... Y = 10
Finish U = 10
...... Y = 10
Rotation = 0
Start U =

...... \ =

Finish U = 10
...... \Y = 9
Rotation = 0
Start U = 9
...... \ =

Finish U =

...... Y = 15
Rotation = 0

Dismiss

These lines are shown in Figure 8.2. Now Return three timesto the Point Def-

inition menu.
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Mesh 1 Logical mesh plane 1

90 -~ — - — -~ — ~ — - — - = - -1

8.0

6.0
5.0 —
4.0

30 —

Figure 8.2 Display of construction lines

Entering The construction line intersections and line ends may be used to position the
baseplane points  points required in the baseplane. UseAt € line intersection and follow this

by using the cursor to click on® the ends and intersections of all the construction
lines you have defined, i.e. at the following coordinates®:

0

2

3
9

o

COOWNOOOO
o
o

el
SooT T
'_\
o

Itisalso possibleto draw construction lines using existing points. To do this select

1. Click on means placing the cross cursor near the point and pressing the left
mouse button. The cursor does not have to be placed precisely on the point
2. Thefunction key F1 or PF1 acts as atoggle switch to hide and reinstate the menus

]
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. — Construction
lines — Enter
C lines — By picking
points — Straight line

Select Pick 2 points and then click on the following points:

0, 0
10, 10

A construction line is drawn as shown in Figure 8.3.

Mesh 1 Logical mesh plane 1
| s
100 - — - — - — - — - — - = - > - X%
.
Lo . . L= Tl x
9.0 j(
Vo ogo— Y |
70 e !
|
6.0 4 i
7 |
50—
s
40
s/
3.0 —
N s
N,
2.0~ .
\ \ |
w0~ .
o L & I I I & N I I I
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0
u
4 U=X V=Y W=z
4

Figure 8.3 Display Showing Additional Pointsand Construction lines

L eave construction line input with Return three times. This will bring you back
tothe Point Definition menu.

Now we use this new construction line to place two points at the intersection by
selecting

. At C line intersection

and click on the points:

15 15
24, 24

Points can also be defined explicitly in terms of their coordinate positions using
cartesian or cylindrical polar coordinate systems. To enter points using cartesian
coordinates select in the Point Definition menu

|
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. Give U,V, W

and enter the following:

Cartesian Coordinate Input

U Coordinate ‘ 1 ‘
V Coordinate ‘ 1 ‘
W Coordinate ‘ 0 ‘

and Accept. Follow thiswith the next two points:

Cartesian Coordinate Input

Coordinate

O

<

E |
Coordinate ‘ 0
W Coordinate ‘ 0 ‘

Cartesian Coordinate Input

U Coordinate 0

0

and Exit the cartesian coordinate input.

| |
V Coordinate ‘ 1 ‘
W Coordinate ‘

Points can also be defined explicitly in terms of their coordinate positions using
cartesian or cylindrical polar coordinate systems. To enter pointsusing cylindrical
polar coordinates select in the Point Definition menu

. Give R, Theta, W

]
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Polar Coordinate Input

R Coordinate ‘ 2 ‘
T Coordinate ‘ 22.5 ‘
W Coordinate ‘ 0 ‘

and Accept

Follow this with points at the following coordinates:

Polar Coordinate Input

R Coordinate ‘ 3 ‘
T Coordinate ‘ 22.5 ‘
W Coordinate ‘ 0 ‘

Polar Coordinate Input

R Coordinate ‘ 3 ‘
T Coordinate ‘ 22.5+45 ‘
W Coordinate ‘ 0 ‘

Polar Coordinate Input

R Coordinate ‘ 2 ‘
T Coordinate ’ 67.5 ‘
W Coordinate ‘ 0 ‘

This givesthe display shown in Figure 8.4.

Select Exit to leave the polar coordinate input. Press Return to close the Point

Definition menu.
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Mesh 1 Logical mesh plane 1
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Figure 8.4 Display Showing the Polar Coordinate Points

Defining the baseplane facets

The baseplane points have now been positioned and these are used to form the
baseplane facets. To do this select Facet Input from the Define Baseplane
menu.

TheFacet Definition sub-menuisdisplayed. The simplest facet to define con-
sists of four corner points. Select auto-close after 4 and click onthefollowing

points:

0, 10

9, 10 (this creates Facet 1)
9, 9

0, 9

to complete the first facet. Thisis shown in Figure 8.5

Continue to create facets by selecting auto—close after 4 and click onthefol-

lowing points:

9, 10

10, 10 (Facet 2)
10, 9

9 9

1. N.B. If you create an incorrect facet, you can deleteit usingDelete facet
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Mesh 1 Logical mesh plane 1
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Figure 8.5 Display of thefirst facet.

9, 9
10, 9 (Facet 3)
10, 0
9, 0
0 1
1, 1 (Facet 4)
1, 0
0 O

To create facets with curved edges, points should be used as mid—-side nodes. To
do this select no auto—close and click on the following points:

9, 0
9, 9 Three corners of Facet 5
24, 24

Select Mid—side and click on
3, 1.2 Mid-side node creates curved edge of Facet 5

Select no auto—close and click on
3, 0 Fina corner of Facet 5

and close the facet with Close.

|
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Continue by using the following menu selections and points:

no auto-close

Mid-side

24, 24

9, 9

0, 9 Facet 6
(0} 3

12, 27

Note how the facet is closed automatically when a mid-side point is selected for

the fourth side.

no auto-close

Mid-side
no auto-close

Mid-side

no auto-close

Mid-side

no auto-close

Mid-side

no auto-close

Mid-side

no auto-close

Mid-side

0, 3

0, 2

0.7, 1.9

15 15 Facet 7
24, 24

1.2, 27

24, 24

15 15

1.9, 08

2, 0 Facet 8
3, 0

28, 1.2

2, 0

1, 0

1, 1 Facet 9
15 15

1.9, 08

Facet 10

oRrPoo
PR RPRRN

5
9

This completes the facet definition. The display of all the baseplane facets is
shown in Figure 8.6. PressReturn to close the Facet Definition menu.
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Mesh 1 Logical mesh plane 1

U=X V=Y W=Z

Figure 8.6 Display of all the facets

Defining the baseplane subdivisions

Move to the subdivision definition menu by selecting subdivision from the
Define Baseplane menu.

The baseplane subdivisions define the distribution of finite elementsin the base-
plane. These may be defined globally (the same value over the whole baseplane)
or on individual lines (facet edges) or both.

Set the number of subdivisionsto 8 by selecting Set subdivision.

Then click on button 8 and Accept.

Subdivision

O . O 2 O s
O 4 O s O s

O 7 H O o
Other | |

| Accept |

Now select Apply globally to give all facets edges 8 divisions!. The display
indicates the distribution of subdivisions. Clear the message box displayed and
select Return twice to return to the Define Baseplane menu.
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Extending to the Third Dimension

Defining extrusionsin the third dimension

Once the baseplane has been compl eted, the third dimension is defined by sweep-
ing the baseplane through space in the third dimension. To move to the extrusion
definition, select

Extrude

and select Linear extrusion. Notethat once started extruding, it isnot possible
to go back to edit the baseplane.

Complete the subsequent dialog box as shown below. This setsthefirst extrusion
to a coordinate of 8.75 with 18 subdivisionsin the extrusion direction.

Extrusion Definition

Coordinate ‘ 8.75 ‘
B Global O relative

Number of Elements

Accept ‘

Accept thisdialog box and clear the message box displayed. Select Finish Edit-
ing followed by Finish four timesto close the submenus (material s and boundary
conditions will be defined later). The first extrusion is now completed.

Note that the since the 3d-Viewer was previously activated, a window now pops
up after having created the first layer of elements.

Return once to the top-level menu.

Extend the extrusion further by selecting

DEFINE |
Extend existing mesh — Extend without editing

and Accept Mesh number = 1.

1. Note that this method ensures all facet edges have subdivision defined and that
the mesh is continuous

]
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Select XY plane, extrude in Z from the coordinate system submenu to continue
extruding in the same direction. To create a second linear extrusion complete the
subseguent dialog box as follows:

Extrusion Definition

Coordinate ‘ 9 ‘
B Global O relative
M Linear O ouadratic

Number of Elements
Accept - and extend again

‘ Accept - this is the last ‘

accepting the extrusion with Accept — and extend again. Repeat the procedure
to extend the model to coordinate 10 with 4 subdivisions but thistime use Accept
— this is the last.

Extrusion Definition

Coordinate ‘ 10 ‘
B Global [ relative
B Linear O Quadratic

Number of Elements IIl

‘ Accept - and extend again
Accept - this is the last

Return twice to the top-level menu.

The 3d-Viewer contains a wire-frame view of the model. The options of the 3d-
Viewer will be discussed later in this chapter after having defined materials,
boundaries and the conductor.
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Objectsin the 3D Mod€

Defining materials and potentials

Themodel isbuilt up of different materials. These are used to describe the objects
or parts of the model. So far, the whole model is made up of the default material
—AIR.

It is also necessary to define the type of magnetic potentia to be used for each
material. For a detailed explanation of the choice of potentials please refer to the
OPERA-3d Reference Manual. In the present model, although TOTAL potential
isappropriate, an ELEKTRA solution will later be obtained using the same model
definition. It isnecessary therefore to label somematerialsas VECTOR potential,
ready for ELEKTRA. In TOSCA, these will be interpreted as TOTAL scalar
potentials.

To change the material definition from the default setting i.e. AIR and TOTAL
potential, select
MODIFY |
Material properties
and Accept Layer number = 1.

On the display, the facets represent the volumes in the first layer of the model.

From the Materials submenu select Select and define and click on any vol-
ume. A material definition dialog box is displayed, which should be completed as
follows:

e Materia name: AIR
» Potentia type: REDUCED SCALAR
» Element type: LINEAR

« Other layersk FROM 1 TO *
« ALL VOLUMES

1. * impliesthe highest value available i.e. maximum value or al layers.

]
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The complete dialog box should look like this:

Potential Type:
O Total scalar
B Rreduced Scalar

O vector
Options:

Material Name air

Material Definition

Element Type:

M Linear

O Quadratic

Jx, Jy, Jz ‘

Vx, Vy, Vz

Scalar: Charge Density or Rotational Velocity

Scalar ‘

Packing factor ‘

Material orientation

O rocal xvz=xvz

O rocal xvz-vzx

O rocal xvz=zxy

Other vector ‘

From 1

Other volumes and layers:

To

*

B 211 volumes

=

| | Help |

‘ Quit ‘

Accept the settings. This redefines all regions to be AIR and REDUCED scalar
potential. Thisisthe correct setting for regions containing source conductors.

Objectsin the model are defined by their material names. To change from the AIR
definition (from the Materials submenu) select
Select/de-select volume and select volumes by using the cursor to click on all
but one of the volumes which form the central cylindrical part of the model. Use

the following coordinates

05 05
05 15
10, 25
15 05

and then select Select and define and click onthelast volumein the central part

at coordinate

1. If anincorrect volumeis selected, click on the volume again to deselect it.

|
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Again amaterial definition dialog box is displayed. Compl ete this material name,
potential and elements types as follows

Potential Type:
O Total scalar

B vector
Options:

O Rreduced Scalar O Quadratic

Material Definition

Element Type:

M Linear

Jdx, Jy, Jz ‘

Vx, Vy, Vz

Scalar: Charge Density or Rotational Velocity

Scalar ‘

Packing factor

O rocal xvz=xvz

Other vector

Material orientation

Other volumes and layers:

O rocal xvz=vzx [ rocal xvz=zxY

From

To O a11 volumes

‘ Keep ‘ ‘ Help ‘ ’ Quit ‘

and Accept the settings. This defines the central core of the device which should
now be displayed in blue. Although VECTOR potential is selected, in TOSCA
this will be interpreted as TOTAL scalar potential. Repeat the procedure for the
facets which form the box using the following coordinate with Select/de-

select volume

50, 95

95 95

and Select and define
95 50

|
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Complete the subsequent dialog box with material name, potential and element
types and layer numbers as shown.

Material Definition

Material Name

Potential Type: Element Type:

O Total scalar B Linear

[0 Rreduced Scalar O Quadratic

B vector

Options:

Jx, Jy, Jz ‘ ‘

Vx, Vy, Vz ‘ ‘

Scalar: Charge Density or Rotational Velocity

Scalar ‘ ‘

Packing factor ‘ ’

Material orientation

O rocal xvz=xvyz [ rocal xvz=vzx [ Local xvz=zxY

Other vector ‘ ’

Other volumes and layers:
From 1 To 2 O a11 volumes

(e [Pl | [t |

This defines the sides of the outer case which should be displayed in a lighter
shade of blue. To further see the effect of this (from the Materials submenu)
select show properties.

The material properties are displayed as shown in Figure 8.7. Select Finish to
close the submenu.

To complete the material definition, select

MODIFY |
Material properties

and

Accept Layer number = 3.

|
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From the Materials submenu select Select and define and click on any vol-
ume. Completethedialog box asfollowsto change ALL thevolumesinthislayer:

Potential Type:
O Total scalar

B vector
Options:

Material Name

[0 Rreduced Scalar O Quadratic

Material Definition

Element Type:

M Linear

Jx, Jy, Jz ‘

Vx, Vy, Vz

Scalar: Charge Density or Rotational Velocity

Scalar ‘

Packing factor

O rocal xvz=xvz

Other vector

Material orientation

Other volumes and layers:

O rocal xvz=vzx [ rocal xvz=zxY

From

To B 211 volumes

‘ Keep ‘ ‘ Help ‘ ’ Quit ‘

and Accept. This defines the top of the outer case. To see the effect of this (from
the Materials submenu) select Show properties.

The material properties are displayed as shown in Figure 8.8.

Select Finish to close the submenu.

|
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Mesh 1 Extrusion layer 1

BOX

<€—— VECTOR
v LINEAR
AR
REDUCED
LINEAR
CORE
VECTOR
LINEAR
L | L | L |
10.0 12.0 14.0 16.0

U=X V=Y W=Z

V- OPERA-3d

Pre-processor 7.1

Figure 8.7 Display of material propertiesin Layer 1

Mesh 1 Extrusion layer 3

BOX
VECTOR
LINEAR

4.0 X . . 12.0 14.0 16.0

U=XVv=Y Ww=Z

VW~ OPERA-3d

Pre-processor 7.1

Figure 8.8 Display of material propertiesin Layer 3
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M agnetic Boundary Conditions

Defining boundary conditions

The magnetic field conditions on the model boundaries should now be specified.
To do this select

MODIFY |

Boundary conditions — Base plane — Select and define

and click on any facet. Complete the subsequent dialog box as follows to apply
the NORMAL MAGNETIC condition to ALL facets:

Boundary Conditions
Condition name:
O Magnetic Scalar B Normal Magnetic O Tangential Magnetic
O Voltage O Normal Electric O Tangential Electric
O total ax O total ay O Total Az
O 1ncident ax O 1ncident Ay O 1ncident Az
[0 1ncident Voltage [ perfect Conductor [J radiation
[0 Normal Derivative [ Mixed Derivative
O Symmetry O Slip Surface O clear
Value ’ ‘ Label/2nd value ‘
Other volumes and layers:
From To B A1l facets
Accept ‘ ‘ Keep ‘ ‘ Help ‘ ‘ Quit ‘
and Accept.

This sets the magnetic field to be normal to the whole of the base plane and is
required to give the correct reflection symmetry to the model. Select Finish to
close the submenu.

All the other outer surfaces of the model need the TANGENTIAL MAGNETIC
condition. To define the boundary conditions on the outer top surface of the box
select

...Top plane — Select and define

]
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and click on any facet. Compl ete the subsequent dialog box as follows

Boundary Conditions
Condition name:
O Magnetic Scalar O Normal Magnetic B Tangential Magnetic
O Voltage O Normal Electric O Tangential Electric
O total ax O total ay O Total Az
O 1ncident ax O 1ncident Ay O 1ncident az
[0 1ncident Voltage [ perfect Conductor [J radiation
O Normal perivative [ Mixed Derivative
O Symmetry O Slip Surface O clear
Value ‘ ‘ Label/2nd value ‘ ‘
Other volumes and layers:
From To B 71l facets
Accept ‘ ’ Keep ‘ ’ Help ‘ ‘ Quit ‘
and Accept.

This setsthe magnetic field to be tangential to the whole of this plane and implies
that there is no flux leakage from the box. Select Finish to close the submenu.

To define the boundary conditions on the extruded facets select Extrusion fac-
ets.

Then set Layer number = 1 and Accept.
Select Select/de-select facet. Inthe picture the lines represent facets orthog-

onal to the plane of the screen. Select each of the facets around the outside of the
model by clicking on the following coordinates:

01, 05
01, 15
01, 25
01, 6.0
0.1, 95
50, 99
95, 99
99, 95
9.9, 50
05 01
15 01

OPERA-3d User Guide

January 2002



Magnetic Boundary Conditions

Version 8.5

25, 01
95 01

8-25

Then select Select and define and click on coordinate:
50, 0.1

Complete the subsequent dialog box to apply the boundary condition to all layers

as follows;

Condition name:
O Magnetic Scalar
O Voltage

O Total ax

[0 1ncident ax
O 1ncident Voltage

[ Normal Derivative

O Symmetry

Value

O Normal Magnetic B Tangential Magnetic
O Normal Electric O Tangential Electric
O total ay O Total Az

O 1ncident Ay O 1ncident az

[ perfect Conductor [0 radiation

[ mixed Derivative

O Slip Surface O clear

Boundary Conditions

‘ Label/2nd value ‘ ‘ ‘

Other volumes and layers:

From

1

To

* O a11 facets

Accept

Ke

ep ‘ ’ Help ‘ ‘ Quit ‘

Accept and this sets the magnetic field to be tangential on the outer surfaces of
the box and implies that there is no flux leakage from the box. Select Finish to
close the submenu followed by Return twice. This completes the boundary con-
dition definition of the model.
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To examine the 3D model select

DISPLAY |
Display Command...

...view

and complete the parameter box:

Display View

Size 10

Eye position:
X |1
Centre of picture:
x| o

IR

| Yo

Rotate picture ‘ 0

B New picture
M parallel view

M Show Axes

O add to picture
O Perspective view

E] No axes

Refresh Display ‘ ‘

Accept ‘ ‘ Quit

and Refresh display.

A wire frame display of the model is produced. Change the parameter box set-
tings to give the opposite viewing x-direction as follows

Display View
Size ’ 10 ’
Eye position:
x| -1 | Y [2 |z [2 |
Centre of picture:
£ |0 | ¥ [o | z [o |
Rotate picture ‘ 0 ‘
B New picture O add to picture
B parallel view O Perspective view
B show Axes O no axes
Refresh Display ‘ ’ Accept ‘ ‘ Quit
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and Refresh display again. Select Return to close the submenu.
To view the model with hidden surfaces removed, it isfirst necessary to construct
the surface mesh. Thisis done using:
MESH |
...quadrilaterals

Clear the message box, and select Return.

To now display the model, select

DISPLAY |
Display Command... ... style
and select the following settings of the subsequent dialog box:

Display Style

Line view
Surface view

Full surface algorithm

No Elements
Surface Elements

Volume Elements

Vectors. ..
. no vectors
. in conductors only
. material orientation
. current density

. velocity

~O0O000O0OO00Ow0O00 m [

Refresh display

T

Return

Finish by selecting Refresh display.

Return twice to close the submenus. The model with the discretisation of the
mesh is shown in Figure 8.9.
Thefinal stageisto create the volume mesh. Thisis completed using:

MESH |
Mesh

|
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k Y-15.0

Figure 8.9 Display of 3D finite element mesh

and Accept to accept the default parameters. On successful completion of the vol-
ume mesh, clear the message box.

If desired, the volume mesh can also be displayed, but for large models it is
warned that this can be a slow procedure.
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Defining the Conductor

The conductorsin OPERA-3d do not form part of the finite element mesh but are
assumed to be source conductors. They are defined separately from the mesh. To
do this select

DEFINE |
Conductors — Define a
conductor — Generally
orientated set — Solenoid

A sequence of parameter boxes and menusis now displayed. Compl ete them and
Accept asfollows:

Local coord 1: X - origin = 0
Local coord 1: Y - origin = 0
Local coord 1: Z - origin = 0
Accept

Local Coordinate system 1

XYZ local = XYZ global WM

XYZ local = YZX global O

XYZ local = ZXY global [

Other system O

Return —
Local coord 2: X - origin = 0
Local coord 2: Y - origin = 0

Local coord 2: Z - origin

Accept

Local Coordinate system 2

XYZ local = XYZ global
XYZ local = YZX global
XYZ local = ZXY global

Other system

TooOomQd

Return

]
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Cross-section: X1 = 4
Cross-section: Y1 = -1
Cross-section: X2 = 5
Cross-section: Y2 = -1
Cross-section: X3 = 5
Cross-section: Y3 = 1
Cross-section: X4 = 4
Cross-section: Y4 = 1
Curvature CU1 = 0
Curvature CU2 = 0
Curvature CU3 = 0
Curvature CU4 = 0

Current Density = 1000

Symmetry code = 1

Drive label = ONE
Conductor reflections
No reflection in XY (1) [ |
+ reflection in XY (1) O
- reflection in XY (1) O
No reflection in YZ (1) [ |
+ reflection in YZ(1) O
- reflection in YZ(1) O
No reflection in ZX (1) [ |
+ reflection in ZX(1) O
- reflection in ZX(1) O
Return *

Tolerance on flux density = 0.0001

Accept
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Select Return four times to close all the menus and select

DISPLAY |
Display command... ...refresh display

to see the super-position of the solenoid on the finite element mesh. Thisis shown
in Figure 8.10.

Z15.0

-
X150 S~

L v-100

k Y-150

Figure 8.10 Display of mesh with solenoid

]
Version 8.5 OPERA-3d User Guide



8-32 Chapter 8 - An Example Using the Pre Processor

Examining the model with the 3d viewer

On a machine with OpenGL support the model can be examined with the “3d
Viewer”. Inthisworked examplethe 3d Viewer isbeing used to examine the posi-
tion of the conductor.

DISPLAY |
3d Viewer...
...style
Surface elements
DISPLAY |
3d Viewer...
...refresh display

Thiswill bring up an additional window in the pre processor window. Depending
on your installation this new 3d Viewer window may overlap your existing
Graphics Window in the pre processor window. Resize and move the new 3d
Viewer window to any suitablelocation. Figure 8.11 shows ascreenshot of aWin-
dowsinstallation, where the 3d Viewer is overlapping a part of the Graphics Win-
dow.

DEFINE MENU_OFF

F 3d-Viewer - click right mouse button for menu l'
ST 175
IR AL
AT AT A T A e T
S LT A

LT ,II
N

7
<L
G
i)

7
%
N
q’ii“’

Figure8.11 3d Viewer after initialisation

The view within the 3d Viewer can be manipulated using the mouse. The main
control is the left mouse button. Moving the mouse with the left button pressed
changes the view of the model. The way in which the view is changed and other
options can be selected from a menu which pops up when the right mouse button
isclicked.

|
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After initialisation, the Rotate menu option is selected by pressing the right
mouse, and selecting Rotate from the menu.

Rotate the model to obtain aview similar to the screenshot in Figure 8.12 by hold-
ing the left mouse button, and dragging the mouse.

Ay
25X

[
<
[

vy
S

W
K
K

i
o

AV
=

Figure8.12 3d Viewer after rotation

Click theright button and select the Translate option. Movethe centre of the cail
to alocation in the middle of the 3d Viewer window (again by holding down the
left mouse button and dragging the mouse). Figure 8.13 shows a screenshot after
the tranglation.

Next click the right button and select the Zoom option. Enlarge the model by drag-
ging with the left mouse button pressed. Figure 8.14 shows a screenshot after
zoomingin.

This view can also be copied to the Graphics Window by selecting

DISPLAY |
Display Command... ...copy 3d view

Figure 8.15 shows the results.

]
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DEFINEL MENU_OFF

ht mouse button for menu

-Viewer - click right mouse button for menu

Figure8.14 3d Viewer after zoomingin
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DEFINEL MENU_OFF

¥ 3d-Viewe: - click right mouse button f

Figure 8.15 Screenshot after copying the 3d view to the graphics window
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Saving TOSCA Data

The instructions issued to create the model should be saved so that the pre
processing may be repeated or modified as required. If thisis done after creating
the analysis data, the analysis options will be recorded as well.

Creating the TOSCA databasefile

If you have the TOSCA analysis module installed and wish to solve the solenoid
model as a static solution, select

FILE |
Analysis
. create new database — Statics (TOSCA)
Magnetostatics

and select the units and element type to be used by completing the parameter box
as shown below:

New Analysis Database File
File ‘ inductor ‘ ‘ d ‘
Units: Element type:
B ccs B Linear
O s (metres) O Quadratic
O s1 (mm) O Mixed
O st (Microns)
O s1 (Inches)

‘ Accept ‘ ‘ Quit

followed by Accept. If the box ) alongside the file name is selected, afile selec-
tion box israised, allowing all existing files to be shown/selected.

The element type is selected to be linear. Thisforces all elementsin the model to
have a linear interpolation in the solver. If the element type is set to mixed, the
linear/quadratic information, which was given through the material definition
stage, will beused. If the element typeis set to quadratic, all elementsin the model
will be quadratic, which will give a greater accuracy than using linear el ements.
However the overall number of equations will increase, so this option must be
used with care.

OPERA-3d User Guide January 2002



Saving TOSCA Data 8-37

Itisrecommended that quadratic hexahedra are used wherever possible, to ensure
the greatest accuracy. In this example linear elements are used for reasons of size
of the database. Asthismodel will be examined later with ELEKTRA, every node
inaVECTOR potential region will have 4 equations instead of one.

After a short pause whilst the main database is prepared, afurther parameter box
is presented, allowing atitle to be specified for the model. Any number of lines
of text can be input, and the titleis terminated by typing asingle* character ona
line on its own.

Having cleared the message box, the TOSCA (Magnetic) data menu appears

TOSCA (Magnetic)

Materials

Linear solution
Non-linear solution
Adaptive RHS Integrals
Periodicity conditions
External fields

Add drive fields
Automatic potentia cuts

=l =0Oml

*

Check data

Return

T

The material properties of the different mediain the model are first defined, by
selecting Materials. For each material inthe model, thelinear or non-linear char-
acteristics can be defined.

]
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In the present model, a dialog appears:

Material Names

CORE Properties of air

BOX Linear, isotropic

Material Characteristics
B Linear O Non-linear
B Isotropic O packed O Multiple

Selecting CORE first, the materia properties can be defined. These areto belin-
ear isotropic. Selecting Define allows the properties of the material for CORE to
be defined. The parameter box that appears should be completed to set an iso-
tropic permeability of 300, and coercive force remaining zero. Follow this by
selecting Accept.

The same is done for material BOX, by highlighting the button alongside BOX,
and selecting Define. Again, the isotropic permeability is set to 500, with zero
coercive force, and select Accept. Close the material definition box by selecting
Return.

Weleaveall other featuresinthe TOSCA (Magnetic) datamenu without changing;
so we will perform alinear solution, and there are no external fields etc.

Select Return inthe TOSCA (Magnetic) datamenu, and check that the datais cor-

rect in the information box. Close the information box, to complete storing the
analysis database.
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File: inductor.op3 simulation: 1

Created on: 03/0ct/2001 14:13:57

In Directory:

...\My Work Folder

By Machine:

Node: Mycomputer. Processor: x86. System: Windows

Log Files: Opera3d Pre_ 1.backup/log/lp. Opera-3d V8.5

TOSCA Magnetostatic analysis

User did not enter a title

CGS units

1 conductor (current densities in ACM2)
1 Solenoid
Current Densities: 1000.0

Adaptive RHS integrals

Boundary Conditions: NORMMAGN TANGMAGN

Linear solution

2 materials defined in the simulation
CORE : linear isotropic permeability (300.0)
BOX : linear isotropic permeability (500.0)

17425 nodes in the model
Only linear elements exist within the model

15360 linear hexahedra

| Continue

Writing the Pre Processor Data File

To save the pre processor commands, select

FILE |
Write pre-processor file

]
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This brings up a File Selection Box.

File Selection Box
Filter
* .oppre

Files in: current path Subdirectories

none found

Selected file

‘ inductor ‘

Selected directory

‘ Accept ‘ | Filter ‘ ‘ CD ‘ ‘ Dismiss ‘

The desired filename can be included (for example inductor) in the box labelled
“Selected File". Finish by selecting Accept.

L eaving the Pre Processor

The data has now been stored correctly. Exit the pre processor so that the analysis
module may be used. Do this by selecting
FILE |

End OPERA-3d/Pre

and confirm with YES.

OPERA-3d User Guide
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UNIX Operating Systems

From within the OPERA-3d environment select the TOSCA option

Option:
tosca

and from the following prompt:

Please give TOSCA database filename (without the .0OP3 suffix)

inductor

and choose that the analysisis carried out immediately:

Do you want to run the analysis now or later? (n or 1)

n

The analysis then proceeds automatically.

Windows Systems

Choose interactive solution under the OPERA-3d menu in the OPERA Console.
Select the TOSCA solver and browseto where theinductor.op3 file was saved and
select it. The analysis module will then proceed with the calculations.

Version 8.5
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Entering OPERA-3d Post Processor

UNIX Operating Systems

From the OPERA-3d environment enter the post processor by selecting:

Option:
post

Windows Systems

Launch the 3D post processor from the OPERA Console. The OPERA Console
can be started with the supplied system tray icon.
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The modelling procedure has made use of the symmetry of the device. The basic
solution is without reflection or rotation symmetries shown.

L oading the M odel in the Post Processor

First the solution file needs to be activated and loaded.

Selecttheopen

Activate and Load [ %}

icon

Databaze fi\gl Ay work Folderhinductor.op3

|

Simulation number I'I

=/

— Reflections

— &1 Plane YZ Plane ZX Flane
' Mone = Mone = MNone
£ ¥4 Fields = 0 " Y+Z Fields = 0 " Z+xFields = 0
" ZFields =00 ¥ Fields =0 ¥ Fields =0
Riotational symmetry | 1
— Local Coordinate System
— Origin
w0 v[o z[o

‘ @ Local Y2 = Global $vZ  Local X2 = Global Y2 Local Y2 = Global 247 Other

Euler angles
’7Theta|0 Fi[o P[0
Coneel_|

Enter the filename inductor.op3 or use the ... button to browse directories and

|ocate the file.

Version 8.5
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Viewing the M odel

Once the file has been activated a display of the flux density on the surface of the
model can be examined.

Selectpefault | Thiswill select all materialsnot called air for
select and display by default. The timer bar shows how
refreshicon | theselection and display processis proceed-

E ing.

Select 3D dis-
play icon

' Material colours & Component contours

Field companent I brod j

— Component limits

Pzt s

Minimum I " M aximurn |

™ Field vectors
— Wector components:

%)% | i [

— Wiew p
— Centre of picture i

HE v]4 z|4

— Ratation around axes
%30 v |80 z|o

Sizel"'I

V' Perspective view

Cancel |

|
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In addition to viewing the field contours it is possible to display field vectors on
the surface elements as well.

Select 3D dis- | The vectors are scaled down by 1E4 so that

play icon they are asensible size to fit the display.
Ll
" Material colours & Component contours
Field component I bmod j

— Component limitz

Minimum I " M aximum |

¥ Figld vectors

— Wector components:

% | b/ 1ed v | by/1ed z | bz/1ed
— Wiew p
— Centre of picture
SE |4 z|4

— Rotation around axes
%30 VEE z|o

Sizel"'I

V' Perspective view

Corcel_|

]
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2D surfacesin the 3D model space

To examine a 2D surface in the model, it is possible to specify a surface or

13 pach” .

Select the Select theon XY Plane tab, complete thedia- | ...,
Fields on a log, and select Evaluate and map
Cartesian Field on a cartesian patch
path icon -

On ¥Y plane I OnYZ plane | On 2+ plane | Ay direction I

D First comer ...

%0 |0

Opposite comer...

B v[5 )

7 plane ..

Z coordinate|3

Sides 1 and 3 in . direction

Sides 2 and 4 in Y direction

Mumber of points ...

’7 oh gides 1 and 3 I 25 oh sides 2 and 4|25
E valuate fieldz | Evaluate and Map I Cancel |
Togglethe This can be better seen by turning off the sur-
Solid view of | faceelementsinorder to seeawireframeview
model icon of the model.
Also turn off the display of the vectors.
Toggle the
Vectors on
surface icon
h

|
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Select the Con-
tour or vec-
tor map icon

(1]

Alternatively the map can be displayed asa
histogram over the model.

€ Zonemap © Linemap © Histogram ¢ Maone ™ Vectors ¥ Replace evisting maps
Data
’7(-' Internal butfer € Estemal table file |
Table fe | =
Contour component IEMUD j
Component mits ——————————————————
’7M\nimum = Wasimum | Hurrber of ines | 10 Height of histagram | 5I1ZE/3
‘Wector components:
’7><|an54 v[eviEs z[BZAE4 ‘
™ Print values to Dperadd_Post_nlp
Cancel

Evaluation of solution at points and along lines

It ispossibleto examinethe solution at points and linesin the finite element mesh.

To examine the value of the magnetic field in the z-direction at a point and along

aline the following actions can be taken.

S,eleCt the Field at a point |
Fields at a ) AE(LDL0E8E), HE =3525.585187
point icon Coordinates \.)
. ’7 |1 vl AEE
Field component I hz j

Ok Cancel |

Sdlect the
Fields on a
straight
line icon

i

In creating aline plot firstly the line of points
iscalculated. Select thetab Y directed.

Field on a straight line

# directed | ' directed IZdirected I Anw direction I
Start at ...

%|0 [ z|o

End at ...

Mumber of steps I 100

Corcel_|

Taseae Y

Version 8.5

OPERA-3d User Guide



8-48

Chapter 8 - An Example Using the Pre Processor

L

Cata:
’75 Internal buffer

Selecttheplot | Thentheline graphisplotted in a2D window.
graph of
field values

icon

" External table filz

Tt fls =]
Graph component I HZ j
— Mew graph?

% new axes

' new line on old axes

— Component lirits

Firirniuim I :

M awimur |

Line tile |

— Coordinate walues:

& show local coordinates

" show global coordinates

— Ordinate of graph:

¢ point number € distance along line

[ffset distance I 0

r— Print walugs b ..

" soreen % Opera3d Post_nndp € both

0 neither

Cancel |

n o
o o
i b

VF_ VECTOR FIELDS
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L oading the model

To examine the results of the complete device, the solution should be loaded with
all the required reflections and rotations. Select File — Clear all data toreset

the default settings.

Selecttheopen
icon

=

Activate and Load E

Database file I - Ak pwiork Folderhinductor. op3

=

Simulation number |1

— Reflections

31 Plane 2 Plane o — 24 Plane

" Mone " MNone ' None

& ¥4 Fields = 0 " Y+2 Figlds = 0 " Z+4Fields =0

¢ ZFiglds =0 3 Figlds = & % Figlds = )
Ratational symmetry | 1
— Local Coordinate System

— Origin
®|0 e z[o

@ Local 3vZ = Global 3¥Z © Local Y2 = Global Y24 Local 3vZ = Global 24y € Other

— Euler angles

Theta I 0

Fhi|0

i D

Cancel |

Version 8.5
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Select the Select Default selection first.

Select ICON Select items for display
E Select labels I Select options |
Labels I State | Form list of labels
Conductors Al selected
Surfaces Add to selection
o olected

Femoye from selection

Clear selection
Default selection |

Select using list of labels

i+ Sufaces ¢ Elements ¢ Add layer

Mumtier of lapers 1
Make Selection | Select and Refresh I Quit |

A

Select the BOX material and then choose
Remove from selection SO that only the
CORE isselected for display whenthe Select
and Refresh button is pushed.

Select labels ISE|EE|UDUUI’]S I

Labels | State [=] Fomist of labels
Conductors Al selected
B Surfaces Add to selection |
- Element Types
=l

E- Yaolumes Some selected X
Remave fram selection
I Materials Some selected
AlR
o Clear selection
Default selection |

Selected

- Potential Types
11 1z | ahelks

Select using list of labels

& Surfaces © Elements £ Add laer

Murber of lapers | 1
I ake Selection | Select and Refresh I Quit |

4
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Select the 34 The field component can be set to BMOD and
displayicon | themodel redisplayed.

ﬁ 3d Display [ x]

' Material colours ' Component contours

Field component I brod j

— Component limits

Minimum I * M aximum |

™ Field vectors
— Wector components:
w]% v z|z

— Wiew p
— Centre of picture
%]o v|o z|o

— Rotation around axes
%20 |20 z|o

Size|15

V' Perspective view

This completes the post processing at this stage and the post processor can be
closed by selecting

File — Exit

]
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ELEKTRA Worked Example

The data prepared in the previous model can also be used as the basis of an
ELEKTRA analysis, cdculating the eddy currentsin the non-air volumes.

Inthischapter, the data prepared in the previous chapter will be suitably modified,
and analysed with ELEKTRA.

Reading the Existing TOSCA Model Data

After starting the pre processor in the usual way, the first action isto read the pre-
viously defined TOSCA model data, already prepared. Thisisdone by selecting:

FILE |
Read pre-processor file

A file selection box appears, from which the previous pre processor file can be
selected (for example inductor.oppre). Either double-click on the file name, or
single-click, and hit Accept.

File Selection Box
Filter
*  oppre

Files in: current path Sub-directories

inductor.oppre

Selected file

Selected directory

‘ Accept ‘ ‘ Filter ‘ ‘ CD ‘ ‘ Dismiss ‘

Clear the message box that appears when the pre processor file has finished |oad-
ing.

OPERA-3d User Guide
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Additional Modelling for ELEKTRA

If the ELEKTRA anaysis module isto be used, the eddy current effects must be
modelled with an additional type of potential, that is VECTOR POTENTIAL.

The database has already been defined with VECTOR potentials, although with
the TOSCA analysis they were interpreted as TOTAL scalar potentials. No
changes are needed to the model therefore, and so a new simulation can be added
to the existing database.

Writing the ELEKTRA databasefile
If you have the ELEK TRA anaysis module installed and wish to solve the induc-
tor model as an ac solution, select
FILE |

Use existing database

and under the section Low Frequency (ELEKTRA), select Steady-state AC. The
following parameter box is then completed, using the previous file name:

Existing Analysis Database File

File inductor.op3 ‘ ’ i‘
O add new case
(New coils, boundary conditions, materials, options)

B copy from case
(New materials and analysis options)

O Edit pending case Warning

Edit, Copy and Restart
might corrupt the data
in the pre processor

D Restart case

Case number ‘ 1
[ e

If the box | alongside the file name is selected, a file selection box is raised,
allowing all existing filesto be shown/selected.

Select Accept, clear the message box that appears.

Thefirst actionisto give atitle for this simulation, terminated with an * character
on aline of its own. A prompt is then given for the drive phase. Since thisis an
ELEKTRA-SS solution, it is possible to set the phase of the drive (assumed to be

]
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Cosine). There is only a single drive, so in this case set the phase to zero, and
Return.

Having cleared the message box, the ELEKTRA (steady state) data menu
appears. Now it is necessary to specify the analysis specific quantities.

ELEKTRA (steady state)

Materials

Linear solution
Non-linear solution
Adaptive RHS Integrals

Add drive fields
Drive frequencies

il = 0Oml

*

Check data

Return

1

First select Materials. For each materia in the model, the linear or non-linear
characteristics can be defined. For example, in the present model, the parameter
box will appear, and CORE is selected as follows:

Material names

Linear isotropic

BOX Linear isotropic

Material Characteristics
M Linear O Non-linear

B Isotropic 0 packed O Multiple

Selecting CORE first, the materia properties can be defined. These areto belin-
ear isotropic. Selecting Define allowsthe properties of the material for CORE to
be defined.
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The parameter box that appears should be completed to set an isotropic permea-
bility should be 1 (previously set at 300). Theisotropic conductivity should be set
to 1.0e5 (with zero complex phase lag). Follow this by selecting Accept.

Properties for material CORE
Linear Permeability
Isotropic 1 ‘
Complex phase lag [:::::::::]
Linear conductivity [scM}
Isotropic ’ le5 ‘
Complex phase lag [:::::::::]
’ Accept ‘ ‘ Quit ‘

The sameisdone for material BOX, by highlighting BOX, and selecting Define.
Again, the isotropic permeability should be changed to 1 (from 500), with con-
ductivity of 1.0e4, and select Accept.

ClosetheMaterial names box by selecting Return.
The frequency of the solution must be given as well. So select Drive frequen-
cies and enter 50 for the new frequency. Press Add to add this frequency to the

case list, and close the menu with Return.

Close the ELEKTRA (steady state) data menu with Return, and check that the
datais correct in the information box. This should be:

]
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File: inductor.op3 simulation: 2

Created on: 19/Nov/2001 16:41:46

In Directory:

...\My Work Folder

By Machine:

Node: Mycomputer. Processor: x86. System: Windows

Log Files: Opera3d Pre_ 1l.backup/log/lp. Opera-3d V8.5

ELEKTRA Steady state harmonic analysis,

User did not enter a title
CGS units

1 conductor (current densities in ACM2) ;
1 solenoid
current densities: 1000.0

Adaptive RHS integrals

Linear solution
Drive sets and functions
ONE : Coil drive type Cosine,
(Frequency by case, Phase 0.0)
Boundary Conditions: NORMMAGN TANGMAGN
Linear solution
2 materials defined in the simulation
CORE : linear isotropic conductivity (100000.0 SCM)
BOX : linear isotropic conductivity (10000.0 SCM)
1 solution frequency defined: 50.0
17425 nodes in the model

Only linear elements exist within the model
15360 linear hexahedra

| Continue

OPERA-3d User Guide
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Writing the Pre Processor Data File

To save the pre processor commands, select

FILE |
Write pre-processor file

This brings up a File Selection Box.

File Selection Box
Filter
* .oppre
Filesin: current path Subdirectories
inductor.oppre

Selected file

Selected directory

‘ Accept ‘ ’ Filter ‘ ‘ CD ‘ ‘ Dismiss ‘

into which the filename can beincluded. The existing file can be updated by dou-
ble-clicking this filename, and allowing it to be over-written.

L eaving OPERA-3d Pre Processor

The data has now been stored correctly. Exit the pre processor so that the analysis
module may be used. Do this by selecting
FILE |

End OPERA-3d/Pre

and confirm with YES.

]
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Running ELEKTRA On-Line

UNIX Operating Systems

From within the OPERA-3d environment select the ELEKTRA option

Option:
elektra

and from the following prompt:

Please give ELEKTRA database filename (without the .0P3 suffix)
inductor

Indicate which type of ELEKTRA solution isrequired (SSin this case)

Steady state AC (ss), Transient (tr) or Velocity (vl1)?
ss

and choose that the analysisis carried out immediately:

Do you want to run the analysis now or later? (n or 1)
n

The analysis then proceeds automatically.

Windows Systems

Choose interactive solution under the OPERA-3d menu in the OPERA Console.
Select the ELEKTRA-SS solver and browse to where the inductor.op3 file was
saved and select it. The analysis module will then proceed with the calculations.

|
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Examining the Basic Solution from ELEKTRA

All the commands and techniques used in the post processing of the TOSCA solu-
tion may be used to examine the ELEKTRA solution once the model has been
read into the post processor.

L oading and Displaying the M odel in the Post Pr ocessor

The new solution is read in and displayed in the same way as in the earlier
TOSCA solution, except that as the permeability of the CORE and BOX have
both now been changed to 1. As aresult the magnetic flux density will be much
smaller and so the vector display of the flux density has to be rescaled to avalue
of BX/100, BY/100, BZ/100 in order to see the vectors.

Selecttheopen | Choose case 2 to load the ELEKTRA solution.

Icon Activate and Load E
ﬁ' Databasze file I My work Foldersinductor, opd jJ
Simulation number I 2
— Reflections
= &7 Plane YZ Plane 2% Plane
& None * MNone & None
" %+ Fields = 0  Y+Z Fields = 0 " Z+#Fields =0
" ZFiglds =0 " ¥ Fields =0 Y Figlds =0

Ratational gymmetry | 1

— Local Coordinate System
— Origin
%[0 |0 z|0

@ Local ¥vZ = Global XvZ ¢ Local %72 = Global Y2%  Local 32 = Global 247 Other

— Euler angles
Theta [0 P[0 i O

Careel_|

]
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SelectDefault
select and
refresh icon

[H

Thiswill select all materialsnot called air for
display by default. The progress bar shows
how the selection and display processis pro-
ceeding.

|

¥ VECTOR FIELDS

Select the 3d
display icon

[c]

The vectors are scaled by 500 so that they are a sensible size to fit the display.

3d Dusplay

™ Material colours ¥ Component contours

Field comporent I brnod

[

— Companent limits

Finirnunm I ® M amirnunn |

V¥ Field wectors

— “Wector components:

5 | B:/500 Y | B/500

= | BZ/500

— Wiew parameters

— Centre of picture

w25 v[25

z|4.5

— Fiotation around axes

%20 v [50

z|0

5i28|11.25

¥ Perzpective view

Corecel_|
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*USDTEISE?EBUUZ

| 1.605263E-001

The other post processing commands that were used for the TOSCA solution can
now be used onthe ELEKTRA solution (noting that H, isnot available, so replace
it in the script with B,)

Eddy currentsin the ELEKTRA solution

In addition, the eddy current effects can be seen. In this case, however we will
now display the model with the conductor hidden from view.

Select the The following dialog can be used to select only certain parts of the model for
Select items | display and calculation.
for display
|C0n Select labels ISaleclupt\Uns |
E T [stae [ Fomlistollbeks
gz;:zzl:rs e ETT—
B-olumes Some selected
Femove from selection |
Clear selection |
DefaLlt selection
Select using list of labels
& Sufsces € Elemerts © Addlayer |[Mumseroflapers[T
ake Selection | Select and Refresh I it |
7

Select the item Conductors, and use the Remove from selection button to
remove the conductors from the display list. Apply the selection using the Make
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Selection button. Now the display can be changed to show the in-phase compo-
nent of the complex ELEKTRA solution.

Select the 34
display icon

ﬁ  Material colours

Field comporent I st 2y 2z 2] j

i Component contours

— Component limits

Minimum I * M aimum I "

™ Field vectors
— Wector components: AT D
3 | B¢/500 v |Bv/500 z|B2/500

— Yiew p
— Centre of picture

x4 |4 z|4

— Rotation around axes

><|50 Y|sn z|n

snoEa

Sige|11.25

¥ Perzpective view

Corcel_|

Select the 3d The quadrature component can also be dis-
displayicon | played.

ﬁ 3d Display [ x]

' Material colours ' Component contours

P22

Field comporent I stfijg 2+ 2+iz=2) j

— Component limits

Minimum I * M aximum |

™ Field vectors
— Wector components:
3 | B¢/500 v |Bv/500 z|B2/500

— Wiew p
— Centre of picture

%4 v]4 z|4

— Rotation around axes
50 VEE z|o

Size 1125

V' Perspective view

|
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Before another method of displaying the in-phase part of the current density is
shown, we switch off the surrounding box and add the coail.

Select the UsetheRemove from selection buttontoremove material BOX fromthedis-
Select icon play list. UsetheAdd to selection button to include the Conductor. Select
g theMake Selection button.

Select items for display

Select labels ISeIectoptionS |

Labels | state [«] Fomlist of labels

Bl Conductars All selected
; Add b selection |
5 Some selected :
- Element Types Femove fram selection |

B Materials Some selected

AR
. Clear selection |
Selected
- NOTAIR Dafault selection |
-- Patential Types e
-1 lser | ahiek LI

Select using list of labels

' Sufaces ¢ Elements ¢ Add layer Numberoflayers|1

Make Selection | Select and Refresh I Guit |

/é.

To display the current density on the surface of the model at a particular time on
the AC cycle avalue of the AC time can be entered.

Options — AC time

Accept the default value of 0 the in-phase cur-
rent density can be displayed.

AL time Eq
Angle around AC cycle I a

O, Cancel |

]
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Select the 3d
display icon

(2]

Changing thefield component to JMoD updates
the display for the central pole. Also include
vector of current density.

3d Display [ x]

' Material colours ' Component contours

Field component I imod j

— Component limits

Minimum I * M aximum |

¥ Figld vectors

— Wector components:

% |J><£1 i v |JW1 i z |sz1 on
— Wiew p
— Centre of picture
%]o il z|3

— Rotation around axes
%30 |40 z|

Sizel?-5

V' Perspective view

Concel_|

Bosssaot ot

|
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Select the 34 Asthe current density is avector quantity the
displayicon | direction can be shown by adding vectorsto

E the display.

= Material colours ' Component contours

Field comporert I jmod j

— Companent limits

Minimurm I " Maximum |

¥ Field vectors
— Wector components:
5 | x40 v | w40 z | 240

— Wiew p
— Centre of picture

><|-D.93?231359495? Y|1.D195880?895558 Z|2.BD13518?1189?1

/' ¥ VECTORFIELDS

— Rotation around axes
" I 20.8340756441965 v I 38.66274506089553 Z I 5.38237384647725

Size I 5.1393496575102

V' Perspective view ‘

Corcel_|

]
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L eaving OPERA-3d Post Processor

Exit the post processor so that other options are available. Do this by selecting

File |
Exit

and confirm with YES

|
OPERA-3d User Guide January 2002



Chapter 9

Speaker AnalysisUsing TOSCA

| ntroduction

Version 8.5

Thistutorial illustrates how to model a speaker core using the pre and post proc-
essor within OPERA-3d, together with the analysis module TOSCA.

Thismodel will be built using the automatic mesh generation facility, giving atet-
rahedral mesh throughout the model. The model could also be built in terms of
hexahedra, as in the previous model, without much extra work involved. How-
ever, in order to show more features, tetrahedra will be used.

Thefirst section is a step by step guide to the pre processing, i.e. the building of
the model. Thismodel isthen passed to the TOSCA analysis module.

The pre processor data file (.oppre) is aso provided within the OPERA installa-
tion (see the sub-folder Examples/3D).

The second section is a guide to the use of the post processor. Typical commands
are used to illustrate methods of examining the results.

Figure 9.1 shows a loudspeaker to be modelled using TOSCA. The symmetry of

the model means that only 1/8M of the full speaker needs to be modelled.
Figure 9.2 showsthe FE-model of the speaker. The components can be identified,
consisting of acylindrical piece of arare earth magnet inset within an iron yoke.
The field generated is due to the permanent magnet, and a coil placed within the
air gap in the yoke.
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-~ }-1\5

}15.0

~-15.0 V- OPERA-3d
‘ oo 11

Figure9.1 The complete speaker

K-4.0

- K20

8.0

Figure 9.2 The section of the speaker to be modelled in OPERA-3d

]
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Version 8.5

Launch the OPERA-3d pre processor in the usual way (see “ Starting OPERA-3d
Pre Processor” on page 8-1).

The following pre processing steps will be undertaken.

1. Thedefinition of the baseplane, including: creating construction lines, cre-
ating points to be used within the model, creating facets and setting the sub-
divisions.

Extrusion of this baseplane to create the full 3 dimensional model.

M odification to the model to adjust the shape, material properties and
boundary conditions for the model.

Definition of the speaker coil within the air gap.
Generation of the file to be sent to the TOSCA analysis module.

Creating the Baseplane

Creating a baseplane is the first step towards building a new mesh. Select

DEFINE |
Define new mesh — Finite element mesh — XY plane,
extrude in Z

The baseplane will be placed at acoordinate of —50. Thisisbecausethefirst extru-
sion layerswill represent air regions surrounding the model. After extrusions, the
key regionsin the model will lie centred on the (0,0,0) position. Completethe dia-
log box as shown below and press Return

W coordinate of base plane = -50

Initially set the viewing coordinates within the baseplane to

Minimum on horizontal axis = 0
Maximum on horizontal axis = 10
Minimum on vertical axis = 0
Maximum on vertical axis = 10
o |

Press Accept to accept the default model axis.
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Menu
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The menu system now displays the Define Baseplane menu. Select Point
Input. FromthisPoint Definition menuitispossible to define points that will
be used within the baseplane. Points can be created by specifying coordinates
directly. In this case however, construction lines will be generated. These are
either straight lines or arcs. Using the intersections of these lines to set the point
coordinates provides asimpler method of positioning points without direct calcu-
lation of coordinates.

To create the straight construction lines, astart and end coordinate must be given.
Lines can aso be rotated by an angle about the start point. Select

. Construction lines — Enter C Lines — By parameters — Line

Start U = 0
...... Y = 0
Finish U = 50
...... Y = 0
Rotation = 0

’ Dismiss

and repeat this for the following straight construction lines

Start. U = 0
...... Y = 0
Finish U = 50
...... Y = 0
Rotation = 22.5
’ Dismiss
Start U = 0
...... Y = 0
Finish U = 50
...... Y = 0
Rotation = 45

’ Dismiss

January 2002
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Start U = 9
...... Y = 0
Finish U = 9
...... Y = 10
Rotation = 0

‘ Dismiss
Start U = 10
...... Y = 0
Finish U = 10
...... Y = 10
Rotation = 0

‘ Dismiss
Start U = 15
...... Y = 0
Finish U = 15
...... W = 15
Rotation = 0

’ Dismiss

Further from the origin, points are needed to help model the surrounding air. First
resize the display by choosing Return 3 times to return to the point definition
menu, and selecting

. Redraw Picture — Numerical limits

Minimum on horizontal axis = 0
Maximum on horizontal axis = 50
Minimum on vertical axis = 0
Maximum on vertical axis = 50
ot

]
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Start.

Rotation

U

v
U
v

50
0
50
50
0

‘ Dismiss

— By parameters — Line

Also needed are some arc construction lines. These are defined by a centre point,
astart radius and angle, and an end radius and angle. Change the display back to
the previous size by using Return (to the point definition menu) and then resize

the screen to its previous limits by

. Redraw Picture — Previous size

Now select

. Construction lines — Enter C Lines — By parameters — Arc

Centre U = 0
...... Y = 0
Start R = 3
. .Theta = 0
End R = 3
Theta = 45
Accept ‘ ‘ Dismiss

and repeat to generate the following arc construction lines

Centre U = 0
...... \Y = 0
Start R = 4
. .Theta = 0
End R = 4
Theta = 45
Accept ‘ ’ Dismiss

OPERA-3d User Guide
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Centre U = 0
...... Y = 0
Start R = 5
Theta = 0
End R = 5
...Theta = 45
Accept ‘ ’ Dismiss

All the construction lines have now been created. To generate points at the inter-
section of these lines, select Return 3 times to return to the Point definition
menu and then choose

. At C line Intersection

and click the mouse near to the point

0, O
A crosswill appear at the intersection of the construction lines to mark the point
(after every mouse selection).

Now the following points can be defined:

3, 0
4, 0
5, 0
9, 0
10, O
15, O
21, 21
29, 29
36, 36
9, 9
10, 10
28, 1
37, 15

The remaining points can only be selected after resizing the display. Thisis done
by selecting:

. Redraw Picture — Numerical limits

1. NOTE: Some points may be hidden by the position of the menus. The function
key F1 acts asatoggle. Pressing the F1 key will hide the menus. Pressing F1
again will restore them.

]
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Minimum on horizontal axis = 0
Maximum on horizontal axis = 70
Minimum on vertical axis = 0
Maximum on vertical axis = 70
o |

followed by:

At C line Intersection

Now the following points can be defined:

50, O
50, 50
15, 15

Change the display back to the previous size by

. Redraw Picture — Previous size

ClosethePoint definition menuwithReturn and select Facet Input fromthe
Define Baseplane menu.

Facet Definition ~ TheFacet Definition menuis now displayed.

Menu
The points that have been created will now be linked to form facets over the base-
plane. The facets will be a mixture of 4 sided regions, and general polygonal
regions. Curved sections of the model can be formed using Mid-side pointsto cre-
ate acurved line.

The first facet to be built will represent the circular section of yoke and magnet.
From the facet definition menu select no auto-close and choose the 3 points

21, 21
0, 0
3, 0

Now select Mid-side and click at
28, 1

followed by Close to force the facet to close with only 3 sides.

|
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The next facet will be used to represent the air gap within the yoke. Select no
auto-close and select the points

29, 29

21, 21

Choose Mid-side and click at
28, 1

no auto-close

3, 0

4, 0

and finally Mid-side

37, 15

closes the facet.

The next facet will represent the plates at top and bottom of the yoke. Extra nodes

are used to improve the mesh discretisation near the edges of the yoke, where the
fieldislikely to be changing most rapidly. The region is defined using the follow-

ing pointst:
. polygon corner 4, 0

5, 0
9, 0
9, 9 Facet 3
3.6, 36
29, 29

Mid-side 3.7, 15

and Close the polygon.

The next facet will represent the side of the yoke.

Auto-close after 4 9, 0

10, O
10, 10
9, 9

and the region automatically closes.

One more facet is needed to represent the air outside the yoke. First resize,

1. NOTE: TheF1 key can be used to hide the menus if necessary

]
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Redraw Picture — Numerical limits

Minimum on horizontal axis = 0
Maximum on horizontal axis = 70
Minimum on vertical axis = 0
Maximum on vertical axis = 70
ot |
Polygon corner 10, O

15, O

50, O

50, 50 Facet 5

15, 15

10, 10

Close

Restore the screen to its previous size.

. Redraw Picture — Previous size

Figure 9.3 shows the facets on the baseplane. This completes the facet definition.

Mesh 1 Logical mesh plane 1

1001
9.0

\% 80—
70—
6.0
5.0
40—
3.0
20—

1.0

04,

Figure 9.3 The Facetsused in the baseplane

Press Return to close the Facet Definition menu.
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The next step is to set the in-plane subdivisions used to create the finite element
mesh. Pick Subdivision fromthe Define Baseplane menu.

The subdivisions menu is now displayed.
This menu sets the number of divisions along each edge of each facet of the base-
plane. Thisis used when generating the surface and volume element meshes for

the analysis program.

Initially a global value of 4 will be selected, i.e. all sideswill be set to 4 subdivi-
sions.

Choose the Set Subdivision item, select a subdivision of 4 from the box that
appears

Subdivision

O . O 2 O s
[ O s O 6
O ~ O s O ¢

Other ’ ‘

] Accept ‘

and then Accept. From the next menu select Apply globally. A message saying
that the subdivisions are complete will appear and can be cleared by pressing the
Continue button. Return to close the submenu.

It is now necessary to selectively improve the subdivisions. This is particularly
important around the air gap where high accuracy is required, and where the coil
fields are changing most rapidly.

Choose the Set Subdivision

Subdivision

O . O 2 O s
O 4 O s O 6
O ~ H O ¢

Other ‘ ‘

‘ Accept ‘

Select Accept and Apply to line
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and click near the following coordinates to select sides to be changed.

0.1
0.9
0.1
6.9
5

WAERONNEN

5
1
1
Return to close the submenu.

Asthe mouse is clicked near each line, the subdivisions will be seen to change.

To select the final two edges, again resize the display:

Redraw Picture — Numerical limits

Minimum on horizontal axis = 0
Maximum on horizontal axis = 50
Minimum on vertical axis = 0
Maximum on vertical axis = 50
o |

Choose the set Subdivision

Subdivision

O . O 2 O s
O 4 O s O 6
O ~ H O ¢

Other ’ ‘

] Accept ‘

Select Accept and Apply to line

and click near the following coordinates to select sides to be changed.

30, 0.1
30, 29

Return to close the submenu.
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Reset the display to its original size using:

. Redraw Picture — Previous size
This completesthe definition of the baseplane. It isimportant that the structure of
the baseplane is correct. Once the basepl ane has been defined and extrusions cre-

ated, no facet can be del eted, although point coordinates can be altered. The com-
pleted baseplane has been shown already in Figure 9.3.

To proceed with the next step of building a FE-model, close the Subdivisions
menu with Return.

Extrudingin the Third Dimension
The model being built will have 10 extrusion layers.

In summary these are

Z= Description Layer

Air layers
-50to—10 |First layer of air outside the speaker. 1
-10to-5 |Next layer of air up to the base of the speaker 2

Speaker section
-5to—4 |Baseplate of the speaker 3
—4to-1 |Cylindrical centre pole and sides 4
-1to2 Magnet within the centre pole 5
2to4 Centre pole thins 6
4t05 Top plate of the speaker, and air gap betweencen-| 7
tre pole and this plate.
Air layers
5t06 Air layer above the top of the speaker.

6to 10 Intermediate air layer 9

10to 50 |Air layer extending out to the far-field boundary | 10

The baseplane has been defined to lie at Z=—50, so thefirst extrusion will be linear
to—10 (i.e. thefirst air layer). Quadratic extrusions are used when it is necessary
to create a curved surface in the third dimension, e.g. if creating a sphere, as a
mid-layer of nodesis created between the new and the previous plane. They may
also be used to grade the mesh in the third direction.

|
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Select Extrude from the Define Baseplane menu, then select Linear Extru-
sion.

The extrusion can be performed by either a Global extrusion to Z=-10, or by a

Relative extrusion of 40. Either of the extrusions (in this exampl el) will have the
same effect: the global extrusion will create a duplicate of the baseplane with Z=—
10, the relative extrusion will create a duplicate of the baseplane by moving all
points by 40 unitsin the Z direction.

The number of el ements refers to the number of elements that the extruded sides
will be divided into when creating the finite element mesh for analysis.

Complete the dialog box as shown

Extrusion Definition

Coordinate ‘ -10 ‘
B Global [ relative

Number of Elements

Accept ‘

and select Accept.

A message box appears stating Layer 1 created. Thisiscleared by pressing
Continue.

You are now be given the option to modify point coordinates of the new plane that
has been created by the extrusion, of setting material properties and of setting
boundary conditions for baseplane, top plane and extrusion facets. All of these
will be modified | ater, once all extrusions have been completed, SO Finish edit-
ing should be pressed, followed by Finish for each subsequent menu (4 timesin
total) until the top level command menu is reached.

The model may now be saved, should it be necessary to end the session or as a
safety backup. Select
FILE |

Write pre-processor file

and enter speaker in the Selected file box and press Accept. The file
speaker.oppre has now been saved.

1. Itisnot necessary that all pointsin the baseplane have the same W coordinates
i.e. the points do not need to be coplanar. When thisis the case, the relative and
global extrusions will have different effect.
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Each time the mesh is extended, a new layer of points is created by duplicating
the position of points from the previous layer. To continue with the extrusion

processt select
DEFINE |

Extend existing mesh — Extend without editing

Mesh number = 1

Accept ‘ ‘ Dismiss ‘

XY plane, extrude in Z

A box similar to the previous extrusion box can now be seen. In each case Global
extrusions will be used. For each box select the Accept and extend again box
until the final extrusion is reached Z=50, when the Accept, this is the last

button should be used.
Extrusion Definition
Coordinate ‘ -5 ‘
B Global O relative
B Linear O Quadratic

Number of Elements
Accept - and extend again

‘ Accept - this is the last ‘

Extrusion Definition

Coordinate ‘ -4 ‘
B Global [ relative
B Linear O Quadratic

Number of Elements IIl
Accept - and extend again

‘ Accept - this is the last ‘

1. Extrusions create a duplicate of the last mesh plane, so arelative extrusion will
duplicate points, changing the W coordinate by the extrusion distance, a global
extrusion will duplicate the points, setting the W coordinate of all of them to the

new value
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Extrusion Definition

Coordinate ‘ -1 ‘
B Global O relative
M Linear O ouadratic

Number of Elements El
Accept - and extend again

‘ Accept - this is the last ‘

Extrusion Definition

Coordinate ‘ 2 ‘
B Global [ relative
B Linear O Quadratic

Number of Elements El
Accept - and extend again

‘ Accept - this is the last ‘

Extrusion Definition

Coordinate ‘ 4 ‘
B Global [ relative
B Linear O Quadratic

Number of Elements 7
Accept - and extend again

‘ Accept - this is the last ‘

Extrusion Definition

Coordinate ‘ 5 ‘
B Global [ relative
B Linear O Quadratic

Number of Elements
Accept - and extend again

‘ Accept - this is the last ‘
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Extrusion Definition

Coordinate ‘ 6 ‘
B Global O relative
M Linear O ouadratic

Number of Elements
Accept - and extend again

‘ Accept - this is the last ‘

Extrusion Definition

Coordinate ‘ 10 ‘
B Global [ relative
B Linear O Quadratic

Number of Elements IIl
Accept - and extend again

‘ Accept - this is the last ‘

For the final extrusion select Accept — this is the last

Extrusion Definition

Coordinate ‘ 50 ‘
B Global [ relative
B Linear O Quadratic

Number of Elements 3

‘ Accept - and extend again
Accept - this is the last

Select Return twice to complete the extrusions of the model.

Making Modifications to the Model

Now the material properties of the model will be specified. The default settings
for all the regionsis a TOTAL potentia type with the name AIR. The different
parts of the model will each be given a different name. Although the material
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propertieswill be the same when generating the analysisfile, it assistsin viewing
the model.

Propertiesto be set are

Material | Potential Layers Regions
Name Type

Base TOTAL 3 All regions with X<10mm

Side TOTAL 4,5,6 |Theregion between X=9mm and
X=10mm

Top TOTAL 7 The region from 4mm radius up to
10mm

Air REDUCED |6, 7 Air gap region between 3 and 4mm
radius

8 Both regions within the 4 mm radius
Centre TOTAL 4,6,7 |Theregion within the 3mm radius
Magnet |TOTAL 5 The region within the 3mm radius

For each of the materials listed in the table above, the regions should be set to the
properties shown above. To set the material propertiesfor the base, select

MODIFY |
Material properties
Layer number = 3
Accept ‘ ‘ Dismiss ‘

Select/de-select volume

05 0.2
35 1
65 1

Select and define

95 1

|
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All the regions within the 10mm layer should now be highlighted. The menu box
appears and should befilled in as shown below.

Material Name
Potential Type

O vector
Options:
Jx, Jy, Jz

Vx, Vy, Vz

Scalar: Charge

: Element Type:
B Total Scalar M Linear
[0 Rreduced Scalar O Quadratic

Material Definition

Base

Density or Rotational Velocity

Scalar ‘

Packing factor

Other vector

Material orientation

O rocal xvz=xvyz [ rocal xvz=vzx [ Local xvz=zxY

Other volumes and layers:

From

To O a11 volumes

‘ Keep ‘ ‘ Help ‘ ’ Quit ‘

followed by Accept and Finish.

The selected facets turn dark blue, indicating that they are of a certain material
type. When defined each different materia typewill be displayed using adifferent

colour.

The FROM and TO itemsin the menu box can be used to set the properties of sev-

era layers. e.g.
MODIFY |

Material properties

Layer number = 4

Accept ‘ ‘ Dismiss ‘

|
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Potential Type:
B Total Scalar
O Rreduced Scalar

O vector
Options:

Material Definition

Material Name

Element Type:
M Linear

O Quadratic

Jx, Jy, Jz ‘

Vx, Vy, Vz

Scalar: Charge Density or Rotational Velocity

Scalar ‘

Packing factor ‘

Material orientation

O rocal xvz=xyz [ rocal xvz-vzx

O rocal xvz=zxy

Other vector ‘

From 4 To

Other volumes and layers:

6

O a11 volumes

=

“ Help

| [oue |

Accept and Finish

Thetop plate can be set similarly, i.e.

MODIFY |
Material properties

Layer number =

Accept ‘ ‘

Dismiss ‘

Select/de-select volume
65 1
Select and define

95 1

|
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Regions from 4mm to the 10mm layer should now be highlighted. The menu box
appears and should befilled in as shown below.

Material Name
Potential Type:

B Total Scalar

O vector
Options:

Top

[0 Rreduced Scalar O Quadratic

Material Definition

Element Type:

M Linear

Jx, Jy, Jz ‘

Vx, Vy, Vz

Scalar: Charge Density or Rotational Velocity

Scalar ‘

Packing factor

O rocal xvz=xvz

Other vector

Material orientation

Other volumes and layers:

O rocal xvz=vzx [ rocal xvz=zxY

From

To O a11 volumes

‘ Keep ‘ ‘ Help ‘ ’ Quit ‘

Accept and Finish

Notethat it is possibleto set the material propertiesin alayer that isnot being dis-
played. The order is necessary as regions will be set and then redefined. This
allows the FROM and TO options to be used to efficiently in the modification

process.

It is necessary to change the potential type of some of the air, as conductors must
be placed within a reduced potential volume.

MODIFY |

Material properties

Layer number = 7

Accept ‘ ‘ Dismiss ‘

|
OPERA-3d User Guide



9-22

Select and define
35 1

Chapter 9 - Speaker Analysis Using TOSCA

Material Name Air
Potential Type:

O Total Scalar
B Rreduced Scalar

O vector
Options:

Material Definition

Element Type:
M Linear

O Quadratic

Jx, Jy, Jz ‘

Vx, Vy, Vz

Scalar: Charge Density or Rotational Velocity

Scalar ‘

Packing factor

Material orientation

O rocal xvz=xyz [ rocal xvz-vzx

O rocal xvz=zxy

Other vector ‘

Other volumes and layers:

O a11 volumes

“ Help

| Lo |

From To
e
Accept.

The centre pole will be created

Select and define

2, 05

|
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Material Definition

Material Name

Potential Type: Element Type:
B Total Scalar B Linear
[0 Rreduced Scalar O Quadratic

O vector
Options:

Jx, Jy, Jz ‘

Vx, Vy, Vz ‘

Scalar: Charge Density or Rotational Velocity

Scalar ‘

Packing factor

Material orientation

O rocal xvz=xyz [ rocal xvz=vzx [ Local xvz=2xY

Other vector ‘

Other volumes and layers:
From 4 To 7 O 211 volumes

EnlE

Keep

OPERA-3d User Guide



9-24 Chapter 9 - Speaker Analysis Using TOSCA

which sets the material type, and keeps the presently selected facets selected.
After having cleared the message box, the next assignment can be made immedi-
ately by completing the parameter box:

Material Definition

Material Name

Potential Type: Element Type:

B Total Scalar M Linear

O Rreduced Scalar O Quadratic

O vector

Options:

Jdx, Jy, Jz ‘ ‘

Vx, Vy, Vz ‘ ‘

Scalar: Charge Density or Rotational Velocity

Scalar ‘ ‘

Packing factor ‘ ‘

Material orientation

O rocal xvz=xyz [ rocal xvz=vzx [ Local xvz=2xY

Other vector ‘ ‘

Other volumes and layers:
From 5 To 5 O a11 volumes

Enaae: |

Accept, Finish and Return.

The default orientation of the magnetisation vector in the material MAGNET is
the z-direction. In the present model thisisthe required direction, so no changes
are needed.

To see the wire frame mode!, select:
DISPLAY |

3d viewer .... Refresh display

Thisactivatesthe OpenGL window allowing the user to rotate, zoom and translate
the view. The left mouse button controls the view, while the right mouse button
allows the view function to be changed.

A view of the modd, as shown in Figure 9.4. should be obtained. Return to close
the Display menu

|
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Figure 9.4 The model so far

Modifying Point  Itisrequired that the top of the CENTRE be tapered to aradius of 2mm, and the

Coordinates top plate has an inner radius of 2.5mm. To achieve this shape it is necessary to
modify the point coordinates of mesh planes 7 and 8 (i.e. the planes below and
above mesh layer 7, containing the top plate).

To do this points will be moved such that the outer points on the centre pole are
scaed towards (0,0) by afactor of 2/3 so that they move from their current posi-
tion on aradius of 3mm to a new position at a radius of 2mm. The points on the
inner radius of the top plate will be scaled by afactor of 2.5/4, to movethem from
aradius of 4mm to 2.5mm.

Select

MODIFY |
Point Coordinates

Plane number = 7

Accept ‘ ‘ Dismiss ‘

Select/de-select point

3, 0
28, 1
21, 21

]
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Transform points — Scale

U Coordinate = 0

V Coordinate = 0

Factor = 2/3
Accept ‘ ‘ Dismiss ‘

Return

Select/de-select point

4, 0
36, 15
29, 29

Transform points — Scale

U Coordinate = 0

V Coordinate = 0

Factor = 2.5/4
Accept ‘ ‘ Dismiss ‘

Return
Finish editing

The same process must now be repeated for mesh plane 8, where points (3,0),
(2.8,1), (2.1,2.1) are scaled by afactor 2/3, and points (4,0), (3.6,1.5) and (2.9,2.9)
are scaled by afactor 2.5/4.

This completes the point transformations that are necessary for this model.
Figure 9.5 shows the modified design.

|
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Figure 9.5 The model complete with modifications

Boundary The boundary conditions that will be set are TANGENTIAL MAGNETIC on the

Conditions three sides of the 45° wedge, and the top and bottom of the model i.e. at Z= 50.
Since no NORMAL MAGNETIC boundary condition is assigned, it is left to
TOSCA to gauge the model, by arbitrarily setting the potential to zero at one node
in the model.

To set al externa facets simultaneously isasimple procedure, asfollows. Select:

MODIFY |
Boundary conditions — Base plane — All external facets

and complete the following parameter box:

]
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Global Boundary Condition Definition
Condition name:
O Magnetic Scalar O Normal Magnetic B Tangential Magnetic
O Voltage O Normal Electric O Tangential Electric
O total ax O total ay O total Az
O 1ncident ax O 1ncident ay O 1ncident Az
[0 1ncident Voltage [0 perfect Conductor [J radiation
[J Normal Derivative [ Mixed Derivative
O Symmetry O Slip Surface O clear
Value ‘ ‘ Label/2nd value ‘ ‘
‘ Accept ‘ ‘ Help ‘ ‘ Quit ‘
Accept.

This completes the finite element mesh structure needed for the model, so select
Finish, followed by Return twice.

Modify the Subdivision

At present, each plane through the model hasthe same subdivision. Thisiswaste-
ful, since the base plane and the top plane, both removed from the region of inter-
est, do not require such arefined mesh.

It is possible to reduce the discretisation on these two planes.

Select:

MODIFY |
Subdivisions — Variable subdivision — In plane

|
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and select plane number 1. Initially, set all lines on the base plane to have a sub-
division of 2, by selecting Select and define and choose any edge. Then com-
plete the following parameter box:

Subdivision Definition

No. of elements 2

Other planes or layers: All lines:
From 1 To | 2 | INE
Accept ‘ ‘ Keep ‘ ‘ Help ‘ ‘ Quit

Set some edges to a subdivision of 4 by Select/de-select line and selecting
the following lines:

28, 1
38, 1
6, 0.1
6, 6
9, 5
10, 5
30, 01
30, 29

and then Select and define and select theline:
49, 25

and complete the parameter box:

Subdivision Definition

No. of elements 4

Other planes or layers: All lines:
From [ 1 To [ 2 O 2
Accept ‘ ‘ Keep ‘ ’ Help ‘ ’ Quit ‘

Repeat the procedure for layer 10, which isthetop air layer. Layer 10 is situated
between plane 10 and plane 11.

So select Finish once, and then In plane and select plane 10, and repeat the
above subdivision definitions in plane 10, using the FROM and TO option (from
10 to 11). Complete this by selecting Finish, and then Return three times.

]
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Conductor Definition

The next stage involves adding a conductor that will sit within the air gap. This
will be a solenoid of thickness 2 mm and height 6 mm placed centrally within the
air gap. The parameters of the conductor definitions are described in the Refer-
ence Manual. Select

Define |
Conductors — Define a
conductor — Generally
orientated set — Solenoid

Local coord 1: X - origin = 0

Local coord 1: Y - origin = 0

Local coord 1: Z - origin = 0
Accept

Local Coordinate system 1

XYZ local = XYZ global WM

XYZ local = YZX global O

XYZ local = ZXY global [

Other system O

Return —
Local coord 2: X - origin = 0
Local coord 2: Y - origin = 0
Local coord 2: Z - origin = 4.5

Accept

Local Coordinate system 2

XYZ local = XYZ global
XYZ local = YZX global
XYZ local = ZXY global
Other system

TooOomQd

Return
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Cross-section: X1 = 2.15
Cross-section: Y1 = -0.3
Cross-section: X2 = 2.35
Cross-section: Y2 = -0.3

Cross-section: X3 = 2.35
Cross-section: Y3 = 0.3
Cross-section: X4 = 2.15
Cross-section: Y4 = 0.3

Accept

—
n

Curvature: CU

[\e]
1l

Curvature: CU

w
n

Curvature: CU

o O O o

=~
1]

Curvature: CU

Accept

Current density 50

1l
[

Symmetry code
Drive label = ONE
Accept

There will be no reflections of this conductor activated, so press Return.

Tolerance on flux density = 0.01
Accept

Close all menus by pressing Return four times. This completesthe pre processing
required to build the 3d model of the speaker.

Before displaying the model and building the database, the surface and volume
mesh must be created. These are carried as before, selecting:

MESH |
...triangles

followed by

MESH |
Mesh

To display the surface discretisation of the model, select
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DISPLAY |
3D viewer... ... style

and select the following settings of the subsequent dialog box:

3d Viewer Style

No elements
Surface elements

Volume elements

Vectors. ..
. no vectors
. in conductors only
... material orientation
. current density

. velocity

Refresh display

Return

O

OO0 0O000 m

T

Finish by selecting Refresh display, showing the conductor placed within the

reduced potential air gap asillustrated in Figure 9.6

Figure9.6 Themodel including the solenoid
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Creating the TOSCA Analysis Database File

Using the TOSCA analysis module to solve the solenoid model as a static solu-
tion, select

FILE |
Analysis
. create new database — Statics (TOSCA)
Magnetostatics

and select the units and element type to be used by completing the parameter box
as shown below:

New Analysis Database File

File ’speaker ‘ ’ i‘
Units: Element type:
B ccs M Linear
O s (metres) O Quadratic
O s1 (mm) O Mixed
O st (microns)
O 1nches

’ Accept ‘ ‘ Quit

followed by Accept.

If the box | alongside the file name is selected, a file selection box is raised,
allowing al existing files to be shown/selected.

After ashort pause whilst the main database is prepared, afurther parameter box
is presented, allowing atitle to be specified for the model. Any number of lines
of text can be input, and the titleisterminated by typing asingle* character ona

line on its own. A message then appears indicating that the simulation has been
successfully created.

Clear the message box by clicking Continue.
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The TOSCA (Magnetic) data menu now appears

TOSCA (Magnetic)

Materials
Linear solution

Non-linear solution
Adaptive RHS Integrals
Periodicity conditions
External fields

Add drive fields
Automatic potential cuts

=lll=DOml

*

Check data

T

Return

Initially, select Materials.

For each material in the model, the linear or non-linear characteristics can be
defined. In the present model, the following parameter box will appear. Set the
non-linear button, and then select material BASE and Define.

Material Names

Properties
SIDE Properties of air
TOP Properties of air
CENTRE Properties of air
MAGNET Properties of air

Material Characteristics
O Linear B Non-linear

B Isotropic [0 packed O Multiple
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Since this is a non-linear material, the properties for material BASE must be
given.

Properties for material BASE

Non-linear BH curve

Isotropic ‘ _ ‘ [:;:::]

Accept ‘ ‘ Default BH ‘ ‘ Quit ‘

The program expects the non-linear material data (BH data.) to be given in afile
with the extension .bh. This file can be selected using the | box. Alternatively,
there is a button, which provides a “built in” BH curve, aso caled Default BH
curve.

The materidls BASE, SIDE, TOP and CENTRE will each use the
“default.bh” curve, so select Default BH, and repeat the same exercise for the
other materials.

Material type MAGNET usesadifferent BH curve, asthisisapermanent magnet,
and the BH curve will include a coercive force value. The BH file to use is
“alcomax3.bh”, and it isin a sub-directory included with the software.

Selecting the | box brings up afile selection box:

File Selection Box
Filter
| *.bh
Files in: current path Subdirectories

Selected file

Selected directory

‘ Accept ‘ ‘ Filter ‘ ‘ CD ‘ ‘ Dismiss ‘

Now the BH file “alcomax3.bh” isto be selected. At first the directory has to be
changed. In the “selected directory” box, type one of the following pathnames.

]
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UNIX operating system, use:
$vfdir/bh

and on Windows use:
%svEfdir%\bh

Hitting return (or ¢D) will change to that directory, and will show a selection of
BH curves to choose from.

Select “alcomax3.bh” and Accept the selection. Thiswill close the file selection
box, and automatically insert the filename into the material properties box.
Accept this selection.

Now all materialshavebeen defined. ClosetheMaterial names box withReturn.

Then select Non-1linear solution, which immediately brings up the parameter
box as follows:

TOSCA nonlinear iteration data

B Newton-Raphson
O Simple Update

Number of iterations ‘ 21 ‘
Convergence tolerance ‘ 0.001 ‘
Underrelaxation factor ‘ 1 ‘

NL iteration per timestep |

and Accept.

Select Return inthe TOSCA (Magnetic) datamenu, and check that the datais cor-
rect in the information box (note that the exact number of nodes and tetrahedra
may vary from that shown below). Close the information box, to complete storing
the analysis database.
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Opening database speaker.op3, simulation number 1 on 30/0Oct/2001
at 17:07:28

File: speaker.op3 simulation: 1

Created on: 30/0Oct/2001 17:01:17

In Directory:

My Work Folder

By Machine:

Node: MyComputer. Processor: x86. System: Windows

Log Files: Opera3d_Pre 1.backup/log/lp.

Opera-3d/Pre-processor Version 8.5

TOSCA Magnetostatic analysis

User title:
OPERA-3d User Guide Chapter 9 Example

CGS units

1 conductor (current densities in ACM2) :
1 Solenoid
Current Densities: 50.0

Adaptive RHS integrals

Boundary Conditions: TANGMAGN

Non linear iteration data
Newton-Raphson Iterations
Maximum Iterations: 21
Tolerance: 1.0E-03
Under-relaxation: 1.0

5 materials defined in the simulation

BASE : Non-linear isotropic permeability
sdefault

SIDE : Non-linear isotropic permeability
sdefault

TOP : Non-linear isotropic permeability
Sdefault

CENTRE : Non-linear isotropic permeability
: S$default

MAGNET : Non-linear isotropic permeability

...\bh\alcomax3.bh
Permanent magnet material

10324 nodes in the model
Only linear elements exist within the model
50861 linear tetrahedra

Continue

|
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Writing the Pre Processor Data File

To save the pre processor commands, select

FILE |
Write pre-processor file

This brings up a File Selection Box.

File Selection Box
Filter
* .oppre

Files in: Subdirectories

speaker.oppre

Selected file

Selected directory

‘ Accept ‘ ’ Filter ‘ ‘ CD ‘ ‘ Dismiss ‘

The filename speaker.oppre was saved earlier, so is seen in thefile list. This can
be overwritten by double-clicking the filename, and accepting the option to over-
write the existing file. Finish by selecting Continue.

L eaving the Pre Processor

The data has now been stored correctly. Exit the pre processor so that the analysis
module may be used. Do this by selecting
FILE |
End OPERA-3d/Pre
and confirm with YES

The speaker model must then be submitted to TOSCA for analysis.

Note that although it is possible to launch the analysis directly from the pre proc-
essor, this does require extra system resources. It may be necessary to close the
pre processor and run the analysis separately (see following section).

|
OPERA-3d User Guide January 2002



Running the TOSCA Simulation

Running the TOSCA Simulation

9-39

Version 8.5

UNIX Operating Systems

From within the OPERA-3d environment select the TOSCA option

Option:
tosca

and from the following prompt:

Please give TOSCA database filename (without the .0OP3 suffix)
speaker

and choose that the analysisis carried out immediately:

Do you want to run the analysis now or later? (n or 1)
n

The analysis then proceeds automatically.

Windows Systems

Choose interactive solution under the OPERA-3d menu in the OPERA Console.
Select the TOSCA solver and browse to where the speaker.op3 file was saved and
select it aswell. Select ok to make the analysis module proceed with the calcula-

tions.

|
OPERA-3d User Guide



9-40
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Start the OPERA-3d post processor.

It is advisable to examine the results from the analysis module and ensure that
they correspond with expected results. That is ensure that there are no unusual or
non-physical phenomena showing in the results that might indicate errors in the
pre processor model. The results of interest are the field through the air gap and

the force on the conductor.

First activate and load the results file. Select

Select Open
icon

=/

Activate and Load [ x]

Database ME| My Wwork Folderspeaker.op3

EN

Simulalion number 1

— Reflections

R Plane

& None
%Y Fields =0
" ZFields =01

" % Fields =0

YZ Plane
. None
© Y4Z Fields =10

Z% Plane
& None
© ZXFields =0
¥ Fields =01

Ratational syrmmetry | 1

i~ Local Coordinate

Origin
i

yv|o

[ |

| & LocalXvZ = Global X7Z © Local Y2 = Global YZX © Local XvZ = Global 247 ¢ Other

ELfer angles
’Vﬂ'\etalﬂ [0 psij0 ‘

RSN
I

F_ VECTOR FIELDS

and enter the filename speaker.op3 or use the | to browse directories and locate

thefile.
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Once the file has been activated a display of the flux density on the surface of the

model will be examined.

SelectDefault
select and
refresh icon

Thiswill select all materialsnot called air for
display by default. The timer bar shows how
the selection and display processis proceed-

ing.

To view the magnitude of the flux density (BMOD) over the surface of the model

Select 3D dis-
play icon

[}

3d Display E

 Material colours

> Component contours

Figld component I brod j

— Component limitz

Minimum I " M aximum |

™ Field vectors
— Wector components:
w]% v z|z

— Wiew p
— Centre of picture
w38 S z|o

— Rotation around axes
S v |3 z|10

Sizel‘ID

V' Perspective view

Change to Component contours and specify
the component bmed (it is not necessary to set
theview parameters, the defaults can be
used).

Toggle Axes
icon

=
?}{

The axes of the coordinate system can be tog-
gled on and off.

zzzzzzzzzzz
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Flux in the Air Gap

Tolook at theflux intheair gap, a2D patch or surface (in cylindrical coordinates)
will be defined.

First the calculation method will be changed to improve the field calculation in
the reduced potentia region. Integral coil field and nodally interpolated fiel ds will
be used.

Options — Field calculations ....

Field Calculation Methods |

— Fieldz calculated by:

— Cail fieldz calculated by
" nodal interpolation % integration

| ak, I Cancel

To define the 2D patch in polar coordinates

Select Fields Field on a polar patch
on a POlar — First corner ...
patch [ele]]] = |2_25 Thelalﬂ Z|3'8
{:}I | — Second cormer ..
R|225 Theta |45 z|38
— Third camer ...
R|225 Theta |45 z|52
V- VECTOR FIELDS
— Fourth carmer ...
Rj225 Thets |0 z|52
— Murmber of points .
on gides 1 and 3|25 on sides 2 and 4|45
Evaluate fields | Canhicel |
Click on Evaluate fields

|
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Select 3D dis-
playicon

[}

3d Display E

i Compaonent contours

& Material colaurs

Field componett I brnod j

— Companent limits

Hinimurm I : Fawimum |

™ Field wectors
— Wectar components:
w]% v z|z

— Wiew p
— Centre of picture
x|3825 v|3825 z|o

— Rotation around axes
%] 20 |20 z|o

Sizel'ID

V' Perspective view

Corcel_|

ChangetoMaterial colours. Thereisno

need to set the View parameters.

Select the
Select...
icon

[ o

Select items for display B

Select labels ISaIectDptions |

Labels State Form list of labels

=} |4l selected :
Surfaces £dd to selection |
B Yolumes Some selected

Clear selection |
Detault selection |

Select using list of labels

MHurmter of lavers I1
Selsct and Refresh I Quit |

Highlight Conductor, click on Remove from
selection and then Select and refresh

% Sufaces © Elements © Add layer

Make Selection |

4
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SelectContour
or vector map
icon

1]

Contour or vector map [ %]
‘ @ Zonemap © Linemap © Histogram  Nane ™ Vectors V¥ Replace existing maps
Data:
’7(-' Internal butfer € Estemal table file |
Tl e =
Contour companent | bmod =l
Componert lmits
(Mmmm - Mz [ Murber of nes[10 Height of istoryam [SI2E73
“eclar components:
’7><|>< [ z[z ‘
™ Print walues to Operadd_Post_n.p
Carcel

i

L2 1sae o

V¥ VECTOR FIELDS

A coloured contour map is drawn in the air gap between the centre pole and the
top plate, and it can be seen to be correctly positioned within the air gap. This
patch may be hard to see asit is drawn over the geometry already displaying con-
tours. Thisisimproved by redisplaying the model without the contours, removing

the coil from the display and zooming in on thisair gap.

A histogram (or contoured surface) can be used to view the results more effec-
tively. In addition, part of the geometry will be removed first to enable the histo-

gram to be displayed more clearly.
% eCt the Select items for display
Select... Selectlsbels | Select options |
Icon ok [se [ =] Fomistoflsbeis
B-Surfaces ome selected
El-¥alumes Some selected Add to selection
Element Types
B Materials Some selected
AR
-~ BASE Selected .
CENTRE (e __ Cearselecton_|
B MAGNET Selected Default selechion |
~MNOTAIR
-~ SIDE Selected
~TOP Selected =l
Select uging list of labels
& Sufaces . Elements  Addlayer | Mumber of lavers [ 1
I ake Selection | Select and Refresh I Quit I

Click on the + sign to the left of Volumes and
then on the + sign to the left of Materials.
This produces alist of all the material names.
Highlight Centre and Magnet, click on
Remove from selectionandthensSelect and
refresh

A
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SelectContour (T ——
or vector map ‘ ' Zonemap (! Lina mep ' Histogram  None || || Vectors || F7| Replace esisting maps
Icon Data
’76‘ Intetnal butfer © Extemel tabls fie |
':. | Table fie | =L
Contour component I-nx‘hx-r’\y"hy-nz"hz ﬂ

Winimum | WMaimum |~ Hurber of finzs |10 Heiattt of histagram | 512E/3

"\u’ector COMponents: ‘

" Companent limits

®[% [ z[z

™ Print values to Dperadd_Post_nlp

Concel

The component that is displayed is the radial flux through the air gap. Thisis
defined, in this particular case, as the negative component of the outward normal
tothe surface (-nx*bx-ny*by-nz*bz).

Force on the Conductor

The force on the conductor will be calculated using the Lorentz force equation
(i.e. IxB).

As the conductor lies outside parts of the finite element mesh, it is necessary to
reactivate the file but with reflections and rotations so that the full model is
present.

File — Recent files — speaker.op3

Activate and Load [<] e
Ditabase file [ \Wy Work Foldertspeaker op3 =l
Simulation number |1
- Reflections
%7 Plane YZ Plan 2% Plan
' None ' Mong £ Nong
€ WY Fields =0 € Y+Z Fields =0 € ZexFislds =0
 ZFields =00 © XFields =0 & Fields =0
Fiotational symmetiy | 4
- Local Coordinate System
0
el 'V VECTOR FIELDS
[0 B z[o
‘ & Local XYZ = Global XYZ € Lacal X¥Z = Global YZ4 ' Local ¥1Z = Global Z4Y € Other
Euler angles
lrrheta|ﬂ i [ P50

Carce

Select reflection inthe Yz plane and 4-fold
Rotational symmetry.

]
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SelectDefault
select and
refresh icon

[ H

SelectInitial
view icon

r
o

Theinitial view icon allows the complete
geometry to be seen.

The histogram contour can be hidden or erased:

Totemporarily

There are 2 icons with the same design. This

tour or vec-
tor map icon

1]

hide the con- oneisintheview — Parts of the display
tours: toggle toolbar:

the Contour

map icon: |Eﬁj|w|€.|

To erasethe ThisoneisintheFields toolbar:

contours:

select the Con-

~o/o|o

Contour or vector map [<]

‘ € Zonemap © Linemap ¢ Histogram & Maone ™ Vectors ¥ Replace evisting maps
Data

’7(-' Internal butfer € Estemal table file |

Table fe | =

Contaur component I-nx"bx-ny“by-nz”bz j
Componentlimits———

’7M\nimum = ez P Hurnber af ines | 10° Heiatit of histogram | SI£E/3
‘Wector components:

(x|>< [ z|z ‘

™ Print values to Dperadd_Post_nlp

Cancel
Select None.
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The field solution on the complete model can be examined. To look inside the

model, a cut plane can be introduced.

Select the
Select...
icon

[ o

Click onthe select options tabto bring up
the dialog box for the cut plane.

Select items For display l

Select labels | Select options I

" Mocutplane ¢ Facets inplane & Facets in front of plane € Facets behind plane

© Parallel to Xy @ Parallel to Y2 ' Parallel to Zx,  Other

Fotation around 2 I o Fiotation around nev'r| 0

Tolerance I 1.0E-05

Z coordinate I 7

Largest facet size I 0

™ Display field contours on conductar sufaces

Select uzing list of labels

Humber of layers | 1
Select and Refresh I Quit |

Click on Make selection

‘ & Sufaces O Elements ¢ Add layer

v |

Select 3D dis-
play icon

[}

3d Display E

 Material colours

i+ Component contours

Field companent I brod j

— Component limits

Minimum I " M aximurn |

™ Field vectors
— Wector components:

%)% | i [

— Wiew p
— Centre of picture

><|1 Y|-n.5 z|n.5

— Ratation around axes
%30 |50 z|-0

Size|15

V' Perspective view

Cancel |

Togglethe
Outline view
of model icon

D

Turns off the display of the surface mesh.

MOD
[ 1714%3€ 4004

I,‘ 727494002
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OPERA-3d User Guide



9-48 Chapter 9 - Speaker Analysis Using TOSCA

To calculate the force on the conductor

Toggle Con- Move the mouse over the geometry until the
ductor pick- | coil ishighlighted by a pink wire frame out-
ingicon line.
-
“x

Double click to select the coil. The coil turns
orange to show it has been selected.

’i?"\
/f/.gi/ -\\;\
i |
i |
W ff

%&tLo'rentz LDlEﬂtZ fulces in cundUCtDlS | s Total fy | 1=-6.3586E-10 -B.3318E-10 -0.30775885
forceS in 1 Tuuljtuulgfeu;ccnc‘n\ 1=1.16592E 08 -1.0B24E-08 4 4542612
f:onductors £ Time given by Options-AC me & Time average
1con

— Mumbers of gauzzs points
F..d |
P if crozs-zection I 2

in cross-zechon I 2

i current direction I 2

— Action paint of torque
%0
v |0
z|o

L dntegrate i it |

Thefields over the conductor are calculated and the net force found from JxB. As
would be expected, only the Z-directed force component is significant, with a
value of -0.3077.

|
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Summary

This completes this example, and has shown some of the features available in
OPERA-3d.
To exit the post processor

Filel
Exit

]
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Chapter 10
3D Levitation Example Using ELEKTRA

| ntroduction

In this example, consider a magnetic levitation system consisting of an electro-
magnet suspended above an induction plate. Thelevitation forceis created by the
interaction of an a.c. source current flowing in the coil, with afrequency of 60 Hz,
and the resulting eddy currents which are induced in the copper plate. A picture
of the model is shown in Figure 10.1.

Figure10.1 Thelevitating-magnet system to beanalyzed. The magnet (top) contains
aracetrack coil.

Assuming agiven levitation height, the levitation force on the electromagnet and
subsequently the source current needed to make the time-averaged net force on
the electromagnet equal to its weight will be calculated.

]
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Pre Processing, Constructing the M odel

The Baseplane

First draw a 2-dimensional section, then extrude in athird direction to create the
full 3-dimensional structure. By exploiting symmetries present in a model, it is
possible to minimise the time and computational resources to analyse a model.
This particular geometry has three-fold symmetry. Note that the symmetry oper-
ations may be restored later during post processing.

Defining the Extrusions will occur in the -z direction and the baseplane will serve as the far-
Baseplane Points field boundary above the magnet:

DEFINE |
Define new mesh — Finite element mesh — XY plane,
extrude in Z
and set:
W coordinate of plane =30

Specify theinitial size of the display:

Minimum on horizontal axis = 0
Maximum on horizontal axis = 20
Minimum on vertical axis = 0
Maximum on vertical axis = 20
o]

Accept.
Select Point Input.

Use construction lines to help define the points in the baseplane:

Construction lines — Enter C Lines — By parameters — Line

|
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Then fill in the parameter boxes as shown, selecting Accept after each:

Start. U = 0
...... Y = 0
Finish U = 20
...... Y = 0
Rotation = 0
Start U = 0
...... \Y = 0
Finish U = 20
...... Y = 20
Rotation = 0
Start U = 1
...... Y = 0
Finish U = 1
...... \ = 1
Rotation = 0
Start U = 2
...... Y = 0
Finish U = 2
...... Y = 2
Rotation = 0
Start U = 3
...... \Y = 0
Finish U = 3
...... \Y = 3
Rotation = 0
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Defining the

Baseplane
Facets

Chapter 10 - 3D Levitation Example Using ELEKTRA

Start U = 10
...... \Y = 0
Finish U = 10
...... \ = 10
Rotation = 0
Start U = 20
...... Y = 0
Finish U = 20
...... Y = 20
Rotation = 0

Dismiss

Close the construction line menus by pressing Return 3 times.

Enter pointsusing: At C_line intersection. Pointsshould be defined at thefol-
lowing coordinates:

(0,0), (1,0), (2, 0), (3,0), (10, 0), (20, 0), (1, 1), (2, 2), (3, 3), (10, 10), (20, 20).

Then press Return.

Select Facet Input and draw the facets as shown below in Figure 8.2.

20.0

18.0

Mesh 1 Logical mesh plane 1

Figure 10.2 Display of the baseplane facets.
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There are 4 four-sided facets and 1 three-sided facet - with a vertex located at (0,
0). After having defined the 5 facets, close the Facet Definition menu.

Defining the Select subdivision and set the subdivision by selecting Set subdivision and
Baseplane complete the parameter box:
Subdivisions Subdivision

O . O » O s
O 4 O s O s
O + N O -

Other ‘

‘ Accept ‘

and Accept. Next Apply globally to set 8 subdivisions along each facet edge.
Close the menu with Return.

Refine the subdivision distribution using Set subdivision

Subdivision

O . O » O s
O 4 O s O s

O - O s O o
Other ’ 10 ‘

‘ Accept ‘

and Accept. Select Apply to line and apply the subdivision by clicking near (20,
10).

PressReturn. Similarly, Set subdivision

Subdivision

O . O » O s
O 4 O s O s

O - O s O o
Other ’ 15 ‘

] Accept ‘

]
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Defining the
Extrusions

Chapter 10 - 3D Levitation Example Using ELEKTRA

Accept followed by Apply to line and clicking just above (6, 0). PressReturn.

Finally, Set subdivision

O . O » [ !
O 4 O s O s
O + O s

Other ‘ ‘

Subdivision

O o

‘ Accept ‘

followed by Accept, then Apply to line and click just above (15, 0). Note that
the edges opposite those chosen in the last three steps should also have adjusted.

Thisis necessary so that hexahedral elements may be used.

Close the subdivisions menu by selecting the option Check for Hex meshing that
confirms the model suitability for hexahedral element generation.

Creating the 3D Model

Now that the baseplaneis compl ete, the three-dimensional geometry is created by
extruding in the -z direction. The table below summarizes what is in each of the

8 layers of this model.

Layer Material and type of Potential
12 air (REDUCED) magnet side

3 magnet (TOTAL) and air (REDUCED)

4 magnet (TOTAL), air (REDUCED), and coil

5 air (REDUCED) between plate and magnet,

6 Plate (VECTOR), air (REDUCED)

7,8 Plate side air (REDUCED)
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Version 8.5

To create the first layer, select Extrude and then select Linear extrusion and
complete the dialog box as shown

Extrusion Definition

Coordinate ‘ 10.0 ‘
B Global O relative

Number of Elements [:::::::]

‘ Accept ‘

and Accept.

After clear the message box, select Finish Editing followed by Finish five
timesto close all the submenus.

The first extrusion is complete. The subsequent extrusions are created in the fol-
lowing manner

DEFINE |
Extend existing mesh — Extend without editing

Mesh number = 1

After accepting, select XY plane, extrude in Z from the coordinate system sub-
menu, use the table below to complete the seven remaining extrusions.

Select Global coordinate and Linear extrusion for each extrusion and then
Accept - and extend again for thefirst six extrusionsand Accept - thisisthelast
for the seventh.

Extrusion Layer (Coordinate]Number of Elements
2 3 15
3 2 10
4 1 10
5 0.5 10
6 0.0 5
7 -5 15
8 -15 5

Press Return twice to close all menus.

|
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Defining To change the material definition from the default settings (AIR, TOTAL SCA-
Materials and LAR) select
Potential Types  yop1ry |

Material properties

Layer number = 1

and Accept, followed by Select and define in any volume (baseplane facet).

The parameter box should then be completed as follows:

Material Definition
Material Name air
Potential Type: Element Type:

O Total Scalar M Linear

M Reduced Scalar O Quadratic

O vector

Options:

Jdx, Jy, Jz ‘ ‘

Vx, Vy, Vz ‘ ‘

Scalar: Charge Density or Rotational Velocity

Scalar ‘ ’

Packing factor ‘ ‘

Material orientation
O rocal xvz=xyz [ rocal xvz=vzx [ Local xvz=2xY

Other vector ‘ ‘

Other volumes and layers:
From 1 To * M 211 volumes

(R ) [Felp | [ ]

then Accept. Press Finish to close the Materials menu.

|
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Assign the material definitions to the magnet by choosing

MODIFY |

Material properties

Layer number = 3

and Accept, followed by Select and define, then select the second facet from

the left by clicking near
below

(1.5, 0.5) and complete the parameter box as shown

Potential Type:
B Total Scalar

O vector
Options:

Material Name

O reduced Scalar O Quadratic

Material Definition

Element Type:

M Linear

Jdx, Jy, Jz ‘

Vx, Vy, Vz

Scalar: Charge Density or Rotational Velocity

Scalar ‘

Packing factor

O rocal xvz=xvz

Other vector

Material orientation

Other volumes and layers:

O rocal xvz=vzx [ rocal xvz=zxY

From

To O a11 volumes

‘ Keep ‘ ‘ Help ‘ ’ Quit ‘

followed by Accept.
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To modify the first and third facets, pick Select/deselect volume and click near
(0.5, 0.25), and then pick Select and define and click near (2.5, 1.0), and fill in
the parameter box as shown below:

Material Definition

Material Name

Potential Type: Element Type:

B Total Scalar B Linear

[0 Rreduced Scalar O Quadratic

O vector

Options:

Jx, Jy, Jz ‘ ‘

Vx, Vy, Vz ‘ ‘

Scalar: Charge Density or Rotational Velocity

Scalar ‘ ‘

Packing factor ‘ ’

Material orientation

O rocal xvz=xvz [ rocal xvz=vzx [ Local xvz=2xY

Other vector ‘ ’

Other volumes and layers:
From 3 To 4 O a11 volumes

(e [Pl | [t |

followed by Accept.

Press Finish to close the Materials menu.

|
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Since the induction plate will have eddy currentsin it, the vector potential must

be used:
MODIFY |

Material properties

Layer number = 6

and Accept.

To select the induction plate consisting of thefirst, second, third and fourth facets,
pick Select / deselect volume and click near (0.5, 0.25), (1.5, 0.5) and
(2.5,1.0); then pick Select and define and click near (6.0, 3.0) and fill in the
parameter box as shown below

Potential Type:
O Total scalar

B vector
Options:

Material Name

O reduced scalar O Quadratic

Material Definition

Element Type:

B Linear

Jx, Jy, Jz ‘

Vx, Vy, Vz

Scalar: Charge Density or Rotational Velocity

Scalar ‘

Packing factor

Other vector

Material orientation

O rocal xvz=xvz

Other volumes and layers:

| |

O 1tocal xvz=vzx [ pocal xvz=zxXY

| |

From

To O 211 volumes

‘ Keep ‘ ‘ Help ‘ ‘ Quit ‘

followed by Accept and Finish.

|
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Boundary
Conditions

Chapter 10 - 3D Levitation Example Using ELEKTRA

Boundary conditions must be applied to the three planes of symmetry as well as
the far field boundaries. From inspection, only the tangential components of the
fieldswill be non-zero in the symmetry planes. Therefore, assign TANGENTIAL
MAGNETIC boundary conditions to these planes.

Thefar-field boundaries can be set to have either TANGENTIAL MAGNETIC or
NORMAL MAGNETIC boundary conditions (it is assumed that the fields will
have died off enough so that the solution should not depend significantly onwhich
conditions are chosen). One side will be set to NORMAL MAGNETIC and the
rest will be set to TANGENTIAL MAGNETIC.

If possible, it is desirable to make at least one surface NORMAL MAGNETIC
because it allows the software to assign the zero magnetic scalar potential to asur-
face determined by the user. Otherwise the software arbitrarily chooses anodein
the mesh to be the zero potential and this can lead to numerical instabilitiesin cer-
tain situations.

MODIFY |
Boundary conditions — Extrusion facets

Layer number = 1

and Accept. Then select A11 external facets and complete the parameter box:

Condition name:

Global Boundary Condition Definition

O Magnetic Scalar O Normal Magnetic B Tangential Magnetic
O Voltage 0 Normal Electric O Tangential Electric
O Total ax O Total Ay O Total az
O 1ncident ax 0 1ncident Ay O 1ncident Az
[0 1ncident Voltage [0 perfect Conductor [0 radiation
[0 Normal Derivative [ Mixed Derivative
O Symmetry O Slip Surface O clear
Value ‘ ‘ Label/2nd Value ‘ ‘
‘ Accept ‘ ’ Help ‘ ‘ Quit ‘

followed by Accept and Finish.
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Finally, reassign the boundary condition of the base plane as NORMAL MAG-
NETIC

MODIFY |
Boundary conditions — Base Plane — Select and define

and select any facet, and complete the parameter box:

Boundary Conditions
Condition name:
O Magnetic Scalar B Normal Magnetic O Tangential Magnetic
O Voltage O Normal Electric O Tangential Electric
O Total ax O Total Ay O Total az
0 1ncident ax O 1ncident Ay O 1ncident Az
[0 1ncident Voltage O perfect Conductor [0 radiation
O Normal Derivative [ Mixed Derivative
O Symmetry O Slip Surface O clear
Value ’ ‘ Label/2nd value ‘
Other volumes and layers:
From To B 211 facets
Accept ‘ ‘ Keep ‘ ‘ Help ‘ ‘ Quit ‘

Accept, Finish and Return twice to close the modify menu.

Defining the Conductor

Next the conductor is defined.

DEFINE |
Conductors — Define a
conductor — Generally
orientated set — Racetrack

]
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The sequence of parameter boxes should be completed as follows:

Accept

Return

Accept

Return

Chapter 10 - 3D Levitation Example Using ELEKTRA

Local coord 1: X - origin =
Local coord 1: Y - origin =
Local coord 1: Z - origin =

Accept

0
0
1.5

Local Coordinate system 1

XYZ local = XYZ global

XYZ local = YZX global

XYZ local = ZXY global
Other system

TO00 =

Return

Local coord 2: X - origin
Local coord 2: Y - origin =

Local coord 2: Z - origin

Accept

Local Coordinate system 2

XYZ local = XYZ global [
XYZ local = YZX global

[ |
XYZ local = ZXY global [
Other system O

«

Return

OPERA-3d User Guide
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Accept

Accept

Accept

Accept

10-15

Cross-section: width in X = 0.9
Cross-section: thickness inY = 0.9
Accept ‘ ‘ Dismiss
Bottom inside corner X = 1.05
Bottom inside corner Y = -0.45
Accept ‘ ‘ Dismiss
Half length of straight = 0.95
Inside radius of corner = 0.1
Accept ‘ ‘ Dismiss
Current density = 4900
Symmetry code = 1
Drive label = ONE
Accept ‘ ‘ Dismiss

OPERA-3d User Guide



10-16 Chapter 10 - 3D Levitation Example Using ELEKTRA

Conductor reflections

No reflection in XY (1)
+ reflection in XY (1)

- reflection in XY (1)

No reflection in YZ (1)
+ reflection in YZ (1)

- reflection in YZ(1)

No reflection in ZX (1)
+ reflection in ZX(1)

- reflection in ZX(1)

~OOeE00O0e0m.

Return

Return

Tolerance on flux density = 0.01

Accept ‘ ‘ Dismiss ‘

Accept and Return four times.

Creating the Mesh and Displaying the M odel
The model will now be meshed with hexahedral elements so that the database
may be created.
MESH |

Surface mesh ...
...quadrilaterals

click continue to clear the message box, then pick
MESH |

Volume mesh ...
Mesh
and hit Continue again.

To display athree-dimensional view of the model select
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DISPLAY |
Display Command...
...View

and complete the parameter box:

Display View

Size | 10 \

Eye position:

x| -1 | Y [2 |z [t |
Centre of picture:

x o | Yo |z [0 |

Rotate picture ‘ 0 ‘

B New picture O 244 to picture

B parallel view O Perspective view

B show Axes O No axes

Refresh Display ‘ | Accept ‘ ‘ Quit

followed by Accept.
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Then select

DISPLAY |
Display Command...
...style

Display Style

Line view
Surface view

Full surface algorithm

No Elements
Surface Elements

Volume Elements

Vectors. ..
. no vectors
. in conductors only
. material orientation
. current density

. velocity

~O0O000O0OO00Ow0O00 m [

Refresh display

Return

T

and Return, followed by:

|
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DISPLAY |
Display Command...
...select parts — Volume labels

Volume Labels

AIR
ALL
LINEAR
MAGNET
PLATE
REDUCED
TOTAL
VECTOR

Other selection ‘

Accept ‘ ’ Quit ‘

followed by Accept, Refresh display, and then Return twice.

The resulting display is shown in Figure 10.3

Creatingthe ELEKTRA Database File

In order to perform a steady-state a.c. analysis on this model, a database must be
created.

]
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X15.0 715.0
k b

X-15.0
~

[27/May[1999 08:43.26 Page 10

Figure 10.3 Final geometry including conductor

FILE |
Analysis
. create new database — Low frequency (ELEKTRA)
Steady-state AC
New Analysis Database File
File llevitate ‘ | i‘
Units: Element type:
W ccs B Linear
O s (metres) O Quadratic
O s1 (mm) O Mixed
O st (microns)
O 1nches
| Accept ‘ ‘ Quit
and Accept.

A box appears prompting for aProblem Title. Type*“ Levitating Magnet Force cal-
culation” and hit Enter. Next type asingle * on its own line and hit enter again.

Another box appears asking for the phase angle of the source current, enter 0 and
return.

Clear the message box by clicking Continue.
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The ELEKTRA (steady state) data menu now appears

ELEKTRA (steady state)

Materials
Linear solution

Non-linear solution
Adaptive RHS Integrals

Add drive fields
Drive frequencies

il = 0Oml

*

Check data

T

Return

Select Materials and complete the box as below

Material Names

Properties of air

PLATE Properties of air

Material Characteristics
O vinear B Non-linear
B Isotropic O packed O Multiple
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Select Define and complete the following box.

Properties for material MAGNET

Non-linear BH curve

Isotropic default.bh ‘ [}Z]

Complex phase

Isotropic

Complex phase

Linear Conductivity [SCM]

lag

I |

Accept ‘ ‘ Quit

and Accept. If the filewith the default BH curveis not in your working directory,
you will have to provide a path to that file. You can find the filein the BH subdi-
rectory of your OPERA installation on your hard disk. In the Selected Direc-
tory section, type one of the following pathnames.

UNIX operating systems, use:

$vfdir/bh

and on Windows use: $vfdir%\bh

Hitting Return (or ¢D) will change to that directory, and will display the available
BH curves, including default.bh.

The plate will be defined in a similar manner except that it will be treated asalin-

ear materia

Material Names

MAGNET

Non-linear, isotropic

Properties of air

B Linear

B Isotropic

Material Characteristics

O Non-linear
O packed O Multiple

January 2002
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Again select Define

Properties for material PLATE

Linear permeability

Isotropic ‘ 1

Complex phase lag IIl

Linear Conductivity [SCM]

Isotropic ’6e5 ‘
Complex phase lag IIl
‘ Accept ‘ ‘ Quit ‘

and Accept, followed by Return.

Select Non-linear solution and complete:

ELEKTRA nonlinear iteration data

O Newton-Raphson
O Simple Update

Number of iterations ‘ 15 ‘
Convergence tolerance ‘ 0.001 ‘
Underrelaxation factor ‘ 1 ’

| |

NL Iterations per timestep

and Accept.

SelectDrive frequencies andenter 60 for the new frequency. Press Add to add
this frequency to the case list, and close the menu with Return.

Close the ELEKTRA (steady state) data menu with Return, then clear the mes-
sage box by clicking Continue.

Write out apre processor file which will contain the model along withtheanalysis
options chosen so far.

]
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FILE |
Write pre-processor file

File Selection Box
Filter
* .oppre

Files in: current path Subdirectories

Selected file
‘ levitate.oppre ‘

Selected directory

‘ Accept ‘ ’ Filter ‘ ‘ CD ‘ ‘ Dismiss ‘

and Accept. Click on Continue to clear the message box and then End OPERA-3d/
Pre to exit the pre processor.

The model must then be submitted to ELEKTRA-SS for analysis.

Note that although it is possible to launch the analysis directly from the pre proc-
essor, this does require extra system resources. It may be necessary to close the
pre processor and run the analysis separately (see following section).
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Running the ELEKTRA Simulation

UNIX Operating  From within the OPERA-3d environment select the ELEKTRA option
%’Sterns Option:
elektra
and from the following prompt:
Please give ELEKTRA database filename (without the .0P3 suffix)
levitate
Indicate which type of ELEKTRA solution isrequired (SSin this case)
Steady state AC (ss), Transient (tr) or Velocity (vl1)?
ss
and choose that the analysisis carried out immediately:
Do you want to run the analysis now or later? (n or 1)

n

The analysis then proceeds automatically.

Windows Choose interactive solution under the OPERA-3d menu in the OPERA Console.

Systems Select the ELEKTRA-SS solver and browse to where the levitate.op3 file was
saved and select it aswell. The analysis module will then proceed with the calcu-
lations.

The pre processor datafile (.oppre) isaso provided with the OPERA installation
(see the sub-folder Examples/3D) if required.

]
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Analysing theresults

Chapter 10 - 3D Levitation Example Using ELEKTRA

Launch the post processor from the OPERA console and read the solution file
with the following settings:

SelecttheLoad
file icon

=

In particular, note the new local coordinate system that is used in displaying

this mode!.

Database fle | levitate.op3

=1

Simulation number I1

— Reflections
7 Plane YZ Flane Z¥ Plane
& None & None " None
X4 Fields =0 Y42 Fields =0 " 2+ Figlds =0
C ZFields=0 € XFields=0 & Figlds =10
Fiatational zymmetry |4
— Local Coordinate Syetem
— Origin
®|0 |0 z[o

" Local #vZ = Global 3Z © Local ¥YZ = Global YZ¢ © Local ¥YZ = Global 247 8 Other

— Euler angles

Theta |-30

Phi|-50

Psi0

[oc]

Cancel |
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Clicking on the ok button will confirm the chosen settings.To display the model

select,
Select the Click onvolumes, followed by Materials in order to highlight NOTAIR
Select
Labels Icon Select labels I Select options |
E | ek I Clate I - Form list of labels
-- Conductars :
B Surfaces Add to zelection |
B-Yolumes Remave from selection |
-- Element Tupes
El- Materials
; Clear selection |
A Drefault selection |
LATE
Bl Potential Types b

- ser | ahels LI

Select uzing list of labels

= Sufaces ¢ Elementz ¢ Addlaper | Mumber D”a}lel8|1

Make 5 election | |_Se|ect and Refresh I Quit |

|

Having selected NOTAIR from the Volumes list, click on Add Selection, followed
by Make Selection.

SelectInitial | Inorder to display the selection.
View icon

e
£

Selectoutline | Switch off the outline view of the
icon: model, to allow a clear display of

Eﬁj | flux density and eddy currents.

]
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Displaying the flux density and eddy currents
De-select the magnet as follows:
Select the Select MAGNET and Remove from Selection
Select

Labels icon:

[ o

Gelect iabelst ISEIEC[ optiorss |

Labels ISlate | B Form list of labels

Conductors :
-Surfaces Add to selection
B Vehumes Some selected Remove from selection |

- Element Types

- Materials Same selected
Clear selection
Default selection |

Selscted
[ Potential Types _I
=

-1 Izrr | ahelz

Select uging list of labels

Humber of layers |1

% Suifaces ¢ Elements ¢ Add layer

Make Selection | Selsct and Refresh I Quit | i
2

Now click on Select and Refresh.

Finally, the field component must be selected for display, and the size of the dis-

play adjusted for clarity.

Fill in the 3D Display Menu as shown below to obtain the accompanying plot.

Select 34 Dis-
play icon:

2]

3d Display E

" Material colours & Component contours

Figld component I brod j

— Component limitz

Minimum I " M aximum |

™ Field vectors
— Wector components:
w]% vf z|z

— Wiew p
— Centre of picture
|0 v[1.5 z|o

— Rotation around axes
ME |20 z|o

Sizel?-5

V' Perspective view
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The flux density distribution corresponds to the peak source current density (t=0)
and has a maximum value of 2.38 E+03 Gauss. We can also plot the quadrature

component by choosing

Options — AC time

Angle around AL cpcle I a0
] 4 I Cancel |

Now select
View — Refresh

To display the eddy current density, including the direction at t=90, a cartesian
patch may first be defined.

Select Carte- | Selecttheon ZX plane tabfist.
sian Patch Fill in the dialog as shown and click on Evaluate Fields

Icon: Field on a cartesian patch

I:l | On =¥ plane | On*Z plane | On £+ plane IAnydirediun |

First corner ...

Z|5 X5
Cpposite corer...

Z|-5 |5
Zx plane ..

Y coordinate ID.4

Sides 1 and 3in £ direction
Sides 2 and 4 in X direction

"Number of points ...

on sides 1 and3|15 on sidesZand4|15

Ewvaluate fields | ‘ Ewvaluate and Map I Cancel |
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SelectContour
or VeCtor Map ‘ & Contourmap ¢ Histogram ¢ Mone ¥ Vectors ¥ Replace existing maps
1con: Data

’7(3' Internal buffer " External table: file

0 | Tl fie | EL
Contour companent [M

— Companent limits
Minimum I i Maximum I * Heiht of histogram I SIZE/3

— Wectar components:
W IJXJZEDD v |Jw2500 z |sz2500

[~ Print values to Opera3d_Post_n.lp

Cancel

This yields amaximum current density of 2.388 E+03 Alcm?.

Calculating the levitation for ce

Therepulsive force between the magnet and plate can be cal cul ated by integrating
the Maxwell stress over asurface which surroundsthe plate. Two layersof air ele-
ments will be added to the plate before performing the integral

Select the Refreshing the display with
Select View Select labels |Se|e:taptions | Matena' Col ours produces
|Con Labals |3(ﬁ|g | Form list of labels

Concluctars
Sudaces Add to selection

E B-Yolumes Some selected

&-Element Types Remove from selection |

E-Materials Some selected
Clear selection
Selected Default selection

=-Fotential Types
BE-User Labels

Selectusing list of labels

¢ Suraces € Elements & Add layer

MNumber of layers |2
hMake Selection | Select and Refresh I Cuit |

Fill inthedialog box asshownand Select and
Refresh

A

|
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The integral may now be performed.

Select theMax- | Select the Time Average option and click on Integrate

‘_”ell Stress Maxwell stress on selected surfaces x|
1con:

FxF ' Time given by Options-+&4C tme & Time average
Fz* |

— Action point of torque
x[E
y{o
z|0

|nteqgrate | [Juit |

Time awerage walues.
Total force on surface
Torcgue action point

Z2.1510E7110ZE-16 -E5. 70055320873 -1.EZ85430095E-15
oo oo oo
-4 _E10Z21038E-17 1_9081958236E-17 -1_214306433E-16

Toroue

i)

The reason for adding two layers of elements around the plate is that the integra-
tion is more accurate if performed over a surface which is not in direct contact
with the body of interest. The result indicates that the levitation force on the mag-
net is 5.7 Newtons and is directed upward as expected.

]
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Chapter 11
CARMEN Example

| ntroduction

CARMEN is part of the OPERA-3d suite of software and is the 3 dimensional
rotating machine analysis module. It computes time varying fields and resulting
eddy currents in rotating structures. Figure 11.1 shows a typical post processed
CARMEN analysis (stator coils omitted).

UNITS
Length ‘m
Magn Flux Den : T
Magnetic field : A m"
Magn Scalar Pot: A
Magn Vector Pot Wb m*
Elec Flux Den :Cm*
Electric field ~ :Vm*
Conductivity ~ :Sm*
Current density :Am?
Power W
Force N
Energy J

PROBLEM DATA
carl.op3
CARMEN
Rotating machine
Angle = 5.625
Linear materials
Simulation No 2 of 3
67200 elements
72015 nodes
Nodal fields

LOCAL COORDS.
Xlocal =0.0
Ylocal =0.0
Zlocal =0.0
Theta =0.0
Phi =00
Psi =00

A 11/un/1999 17:30:27 Page 9 |
II\ ‘\\\

[T V- OPERA-3d

Post-Processor 7.091

Figure11.1 A CARMEN model

Therotating part of themodel (therotor) isenclosed by the fixed part of the model
(the stator). The main difference between an ELEKTRA model and a CARMEN
model isthat for CARMEN the user must create adlip surfacein theair gap which
defines the extent of the moving part of the geometry.

]
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The mesh aong the dlip surface must be uniform and evenly spaced so that asthe
rotor moves the mesh is aways continuous across the surface, see Figure 11.2. A
consequence of thisisthat hexahedral elements must be used for CARMEN mod-
els.

The mesh created along the dip surface directly defines the angle of each rotation
of the rotor. For example if there are 360 subdivisions around the complete dip
surface the rotor will move in increments of 1 degree.

‘ Mesh/l Logical mesh}flane 1

™~
N
/

~
~L
/ o

BV SVAND .
o S AN /\\\\ /\
YA g
o~ ‘ Y
/S S/ PATRYAN P \/
/ yatly / \\\\/\\ \\\/ /\
/o A NN XS <
S o / /\\ N < \
\\\/ / - \\\\/\ /\ \\ N / /
/ //?ﬂ@\ /Ol?/ 08 09 /1.0/ > gi\ 13 X\ /1.‘3/\ }h\ 5 a5 7 e 1.‘6\/
N uEvwez s /\
SN FAVERTRe
e e /\\/ o \\ Vo e \
AN e \

Figure11.2 The CARMEN dlip surface

The nature of this ‘lock-step’ algorithm means that apart from a possible central
symmetry plane, the complete model must be created. This can lead to large mod-
els and consideration of this must be made when using the software.

If users have other OPERA software besides CARMEN, it is recommended that
thisisNOT thefirst tutorial run. Other tutorials give more information on the use
of the pre processor to set up models and guide users through the stages of creat-
ing a model. For users who have CARMEN only, previous tutorials may aso
prove valuable to gain familiarity with the pre processor.

Featuresincluded in thistutorial are:

* Modelling of asynchronous generator.

» Partially complete oppre file included on the distribution-CD.

» Definition of dip surface.

» Setting up the database for analysis including a 3 phase coil system in the sta-
tor and adc coil in therotor.
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» Using the post processor to extract results.

This tutoria represents arealistic example of a generator problem. It is assumed
that the output current is known and this will be applied to the stator coils. In this
case there are 2 coils per slot and the current is applied in three phases. In this
model, long straight conductor bars have been used in the stator as end effects
were not considered to beimportant. The ends of the conductors have been placed
at some distance from the model so as not to influence the result. Remember that
with OPERA-3d, the coilsare not part of the mesh and can extend beyond the user
defined mesh if required. CARMEN is a transient code and it is possible that
switch-on transients from sinusoidal or cosinusoidal excitations may influence
the results for theinitial steps of the rotation.

L oading the CARMEN Data File

Launch the pre processor in the normal way, and read the .oppre file provided on
the installation CD.

The pre processor data file (.oppre) is provided within the OPERA installation
(see the sub-folder Examples/3D). Thisfile hasthe region names set and the sub-
divisions specified. It has been created by defining a repeating segment of the
generator geometry and then using GROUP OPERATIONS to create the complete
model. The repeating segment should be visible when the .oppre file is first
loaded. There are 2 layers in the model and a symmetry plane is defined so that
only half the motor (in the axial direction) is defined.

Once the .opprefileis loaded, have alook at the baseplane to gain an idea of the
complexity of the model. Thisis carried out asfollows:

MODIFY |
Materials Properties

Select plane number 1 and press Accept

Resize the display if necessary by:

Redraw picture — Bounding rectangle

The complete base plane is now visible and the material boundaries of the rotor
and stator should be discernable.

Resize the display again by

Redraw picture — Numerical limits
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and complete the dialog as shown below:

Chapter 11 - CARMEN Example

Minimum on horizontal axis
Maximum on horizontal axis
Minimum on vertical axis

Maximum on vertical axis

Accept ‘

Dismiss

o N O

2

More detail of the generator can now be seen including the structure of the air gap
between the rotor and stator. The dlip surface itself is not yet defined, but will

shortly be set to the centre line of the 4 facets across the airgap.

Notethat it isimportant to have aminimum of 4 facets radially acrossthe air gap.
Thisisbecause the air regions abutting the dlip surface must be TOTAL POTEN-
TIAL. Theair regions beyond these should be set to REDUCED POTENTIAL to
avoid loops of total potential enclosing a coil in adlot, thus avoiding a multiply

connected region (see Figure 11.3).

Mesh /1 Extrusion layef 1

STATOR
T

RRRRR

I I | stator |
15 16 17 ™38 19

Figure 11.3 Facetsin Air-Gap

Display the region potential by selecting
Show Properties

Select:

Finish

and select from the menu:;

OPERA-3d User Guide
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Subdivisions — Uniform subdivision — In plane

The previous picture will be redrawn showing the green subdivision markers.
These are used by the meshing software to create the finite element mesh. Note
that the subdivision along the edge where the slip surfaceisto be placed (at radius
1.35), isuniform. The space between each marker is identical. Also note how the
facet edges on this surface have been made the same length. Thisis not essential,
but ensures that if the same subdivision is applied to each facet edge the spacing
will be the same. In this case a subdivision of 4 was applied to each facet edge.

Itisessential for the correct functioning of the CARMEN analysis modul e that the
subdivision spacing along the dlip surface is uniform.

Adding the SLIP Surface
To add a SLIP surface to the model, select
Finish... Valid Hex Mesh? and Return twice,

then select

MODIFY |
Add slip surface

Enter the radius of the dlip surface in the dialog (this will be 1.35), and leave the
default tolerance on the radius to be 0.001. Select Accept, and a message appears
to indicate that the dip surface boundary has been added to 96 facets (that is all
facets on this radius, for the entire length of the model).

Note that the subdivision on each dlip surface facet was set to 4 giving atotal of
192 subdivisions around the complete slip surface. The rotor will therefore rotate
inincrements of 1.875 degrees. Note also that the slip surface must be at the same
radius for every layer of the model

The model is now complete and almost ready for analysis. Before that can hap-
pen, amesh and analysis database need to be created

Creating the mesh

The model has been created with 4 sided facets on the base plane and can there-
fore be meshed with the hexahedral mesh generator. First of all create the surface
mesh:

]
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MESH |
Surface mesh...
...quadrilaterals
Then create the volume mesh with
Volume mesh...
Mesh
Return from the menu and select:
DISPLAY |
Refresh display

An end-on view of the machine should be visible aong with the surface mesh and
the coils. It can be seen that the inner rotor coilsform loops, but that the outer coils
are simply straight bars. Although thisis clearly non-physical, the correct current
will be applied by the software.

Coil Definition

The coils have been pre-defined for you, but it isinstructive to see how they have
been created.

Return from the DISPLAY menu.

Select:
DEFINE |
Conductors — Print data
Inthe dialog box enter first and last as 1 and Accept
A display panel will appear with all the details of conductor 1. Remember that
until the analysis database is created, the length figures shown are unitless.
» Itisastraight bar conductor from the OPERA-3d library.

» The local coordinate system 1 is the same as the global coordinate system
(0,0,0). Thereis no rotation of one with respect to the other.

» Thelocd coordinate system 2 is shifted so that the centre of the end face of the
conductor isat (1.6,0,-100).

» The conductor has a square cross section with aside length of 0.1.

» Thelength of the bar is200.5 so that the bar extends equally in the positive and
negative axial direction.

|
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» Thereisno symmetry or reflections applied.

» The phase parameter isalabel and inthiscaseitiscalled 1. (It could equally
have been ONE or any other name). The current density is applied to the coil.
If asinusoidal variation is applied then thisisthe peak value of the sine wave.

The first conductor in this model is the inner conductor in the O degree slot. See

2,
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\\\:
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11/Jun/1999 16:35:24 Page 4
VW OPERA-3d

Pre-processor 7.002

Figure 11.4 Conductor Layout

Figure 11.4 for adiagram showing the conductors. Conductors 1 to 24 are the sta-
tor bars. Conductors 25 to 27 are the rotor coils and are defined as helical end
racetracks from the conductor library.

Have alook at the information for some of the other conductors. In particular
notice how the phase label changes on the stator windings. Thisis a 2-pole three
phase generator and the phases are arranged so asto give as smooth a 3 phase out-
put as possible. With this winding arrangement there are effectively 2 magnetic
poles. The dc windings on the rotor have been set up to givea 2 polefield and this
can be seen by selecting conductors 25 to 27 and examining the direction of the
currentsin thewindings. The generator istherefore set up to produce one cycle of
ac for one revolution of the rotor.

]
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Viewing the geometry

Return to the main menus and select:

DISPLAY |
Display Command...
. select parts
and press the Conductors button to toggle it to No conductors.
Press Return.

DISPLAY |
Display Command...

...view

and fill in the dialog box as below:

Display View

Size ‘ 3 ‘

Eye position:

JE IR |z 3 |
Centre of picture:

x|o | Yo | 2 Lo |

Rotate picture ‘ 0 ‘

B New picture O add to picture

B parallel view O Perspective view

B Show Axes O No axes

Refresh Display ‘ ‘ Accept ‘ ‘ Quit

PressAccept andRefresh thedisplay. A 3-dimensional view of the machinewill
be displayed.
Return to the main menu and select:

DISPLAY |
Display Command...
. select parts — Facet labels

and in the selection box select SLIP. Press Accept and subseguently Refresh
Display. The dip surface should be shown in green.

|
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Creating the Analysis Database

Thefinal pre processing stage isto create the analysis database. This should be a
familiar operation to users who have tried the other tutorials or who have used
OPERA-3d before.

Go to the top menu bar and select the following:

FILE |
Analysis
...Create new database

If Create new database isnot available (it islow-lit), thisindicatesthat the mesh
has not been created. Return to “ creating the mesh” section above.

Otherwise from the selection given choose

Rotating Machine (CARMEN)

Fill in the dialog box as shown below:

New Analysis Database File
File ‘ carmen ‘ ‘ J
Units: Element type:
O ces B Linear
B ST (metres) O Quadratic
O st (mm) O mixed
O s1 (micros)
O 1nches

‘ Accept ‘ ‘ Quit

Press Accept.

OPERA will now create the binary database on disk. This may take a couple of
minutes. A dialog box will appear asking for a name for the problem you are cre-
ating. Enter the text “CARMEN Generator” (without the quotes) followed by
return. To complete thetitle enter * and return

EnteringtheCoil A large dialog box will appear requesting drive data for coil drive 1, label 1. In
Drive Data the check box select cosINE. Fill in the Frequency as 50. Fill in the phase as 0.
Press Accept

]
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A further dialog box will appear requesting drive data for coil drive 2, labdl 2. In
the check box select COSINE. Fill inthe Frequency as 50. Fill in the phaseas120.
Press Accept

A third dialog box will appear requesting drive datafor coil drive 3, label 3. Inthe
check box select cosINE. Fill in the Frequency as 50. Fill in the phase as 240.
Press Accept

A final dialog box will appear requesting drive datafor coil drive 4, |abel ROTOR.
In the check box select DC and ROTATING. Press Accept.

It isvery important to make surethat the ROTATING box ischecked. If not the rotor
coil will remain stationary as the rotor moves which will give incorrect results.

The CARMEN data menu now appears.

CARMEN

Materials
Linear solution

Non-linear solution
Adaptive RHS Integrals

Add drive fields
Rotation speed

il =0Oml

Output angles

*

Check data

T

Return

OPERA-3d User Guide
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Entering the Select Materials and the following window should appear.
“AEHEXIa] Material Names
Properties

STATOR Properties of air

ROTOR Properties of air

Material Characteristics
B Linear O Non-linear
B Isotropic O packed O Multiple

Thelinewhich says“STATOR Properties of air” should be highlighted. Leave
the check boxes set at linear isotropic. Click on Define. If thelineis not high-
lighted then click on the line with the mouse. A dialog box should appear with the
title“Properties of material STATOR”. Fill inthetable asbelow and then press
Accept:

Properties for material STATOR

Linear Permeability Coercive Force [AM]

Isotropic ‘ 100 ‘ 0

Linear Conductivity [SM]

Isotropic ‘ 0 ‘

oo ]

Next highlight the line from the menu “ROTOR Properties of air” and again
fill in the dialog box as below:

Properties for material ROTOR

Linear Permeability Coercive Force [AM]

Isotropic ‘ 20 ‘ [::::::::::::]

Linear Conductivity [SM]

Isotropic ‘ 3e6 ‘

o]
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Rotation Speed

Output Angles

Chapter 11 - CARMEN Example

Click Accept and press Return.

Select Rotation speed from the CARMEN data menu.

A small dialog box will appear requesting the rpm (revolutions per minute). As
thisis a sychronous machine running with a coil frequency of 50 Hz, the speed of
the rotor needs to be set at 3000 rpm. Enter 3000 in the dialog box and return.
Ignore the section on time step (this only important if the rotation speed is zero).

Select output angles from the CARMEN data menu.

This dialog box will request output angles. The software will not output data
for every angle solved as this would produce an overwhelming amount of data.
Instead the user is requested to enter angles at which datawould be useful. Enter
the following angles by pressing the add button each time

5, 20, 90.

We have requested output dataat 5, 20, and 90 degrees. 0 degreesis automatically
included. Therefore this analysiswill produce four cases 1, 2, 3, 4 corresponding
respectively to angles 0, 5, 20 and 90 degrees. The case is selectable in the post
processor as will be seen shortly.

Note that the nearest angle to that requested will be used. Remember that due to
the subdivisions specified, the increment is 1.875 degrees. The table below shows
the first 14 angles and the corresponding cases.

0 — casel
1.875

3.75

5.625 —  case?2
7.5

9.375

11.25

13.125

15

16.875

18.75

20.625 — case3
225

24.375

OPERA-3d User Guide
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I mportant notes:

» Although we are entering asinusoidally varying excitation, CARMEN runs as
atransient code. This means that there will be ‘switch-on’ effects. To elimi-
nate these it would be necessary to run for more steps. Angleswhereidentical
results are expected can be compared to check for switch-on effects. Clearly
thiswould entail alonger analysis and is omitted here to save time.

» Another option would be to run the problem at low speed initially and subse-
guently restart with the actual (higher) speed and/or different properties. Note
that restarts can only be performed from data files analysed with the same
solver.

Enter Return to close the list of the output angles.

Savethe Data File

The database is now complete and has been written to disk. Press Return to close
the CARMEN data menu. A summary of the database will be shown on the
screen. Click Continue.

Save the modified .oppre file to disk. This will also save the pre processing you
have carried out to create the database, appended as comments to the end of the
original file. Close the pre processor.

]
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OPERA-3d Analysis

Start the analysis using

FILE |
Start analysis now

and note that the required items are already selected.

Warning: This analysis represents a real rotating machine. It will take about 8
hoursto solveonal GHz PC (about 10 minutes per time step). It isrecommended
that it is run overnight or on an unused machine. The actua size of thismodel is
a database with about 153000 equations.

OPERA-3d User Guide

January 2002



OPERA-3d Post Processor

11-15

OPERA-3d Post Processor

L oading the CARMEN solution

The OPERA 3d model created was for only half of the generator. The rest of the
model was implied by appropriate boundary conditions, in this case tangential
magnetic at thereflection interface. At theloading stage we can apply appropriate
reflections to see the whole mode!.

Launch the post processor and read the solution file with the following settings:

SelecttheLoad
fileicon

=

Activate and Load [x]

Database file [carment.opd jJ

Simulation number|1

— Reflections

XY Plane 2 Plane i~ Z4 Plane

" MNone & None @ None

€ W' Fialds =0  %+Z Fialds =0 & Z+xFields =10

& ZFields =0 KX Fields=0 Y Fields =0
Raotational symmetry |1
i Local Coordinate System

— Origin
=0 w0 Z|0

@ Local XY'Z = Global XyZ © Local XvZ = Global YZX ¢ Local ¥YZ = Global 2¢Y  Other

— Eulerangles
Theta |0

Phif0

oK |

Psi|0

Cancel |

Version 8.5

Clicking on the ok button will confirm the chosen settings.

The simulation number (or case number) isset at 1. Thisisalwaysthe zero degree
case. For the database we created, case 2 is 5 degrees, case 3 is 20 degrees, case
4 is 90 degrees and case 5 is 180 degrees (all approximated to the nearest time

step).

Under Reflections: theXY Plane, Z Field=0 box waschecked, ensuring that
the post processor applies the correct boundary condition at the interface.

OPERA-3d User Guide
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and Displaying
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Viewing Parts
There are two stagesto viewing amodel in the post processor. First of al the parts

to be viewed must be selected and subsequently the options for viewing may be
Set.

In order to select the appropriate components for display,

Select the
Select icon

[ o

Selec NOTAIR from the Volumes list, click on
Add to Selection, followed by Select and
Refresh

Select items for display [ <]
Select labels I Select aptions I
Labels | State | Farm list of labels
B Conductors
Surfaces Add to selection |
EVolumes Some selected .
Element Types Remaove from selestion
E| -Materiaks Some selected
(- N—
MOTAIR : Clear selection
ROTOR Selected
: STATOR Selected Default selection |
-Potential Types
“User Labels

Select uging list of labels

Humben of lapers | 1
Make Selection | Select and Refresh I Gluit |

@ Surfaces © Elements © Add layer

A

Surface Fields

OPERA-3d User Guide

Theselect and Refresh option allowsfor the simultaneous execution of thetwo
stepsto viewing the model (that is, selection and display asdescribed earlier). The
software defaults to pre-set viewing options to achieve this.

Viewing Fields

There are many ways of viewing datain the post processor. Initially we will ook
at the surface shading of afield component. Any field component in the analysis
can be used for this purpose.

In order to display the flux density distribution in the machine, the outline view
of themodel ought to be switched off to allow aclear view of thefield colour con-

tours. Click on @ or alternatively follow menu route

January 2002
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View — Parts of the display — Outline view of model (toggle)

Subsequently, the field component must be selected for display and the size of the
picture adjusted. Fill in the dialog as shown below to obtain the accompanying

Display icon

[}

 Material colours

> Component contours

Field component I brod

|

— Component limits

Minimum I *

M aximum |

™ Field vectors

— Wector components:

w]% v

— Wiew p

— Centre of picture

%]o v|o

— Rotation around axes

%20 v[20

SizelB

V' Perspective view

Cancel |

plot.
Select the 3D o

Version 8.5
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In CARMEN, the complete model must be generated in the direction of rotation.
To see features and fields on inside surfaces, the ‘ cut plane’ menu may be used.

Select the
Select icon:

[ o

Click onselect options taband selectfacets | ptwwam
behind the Y Z plane:
|_Selectitems for display K

Selectlabels | Select

 Mocutplane © Facetsin plane © Facets infront of plane & Facets behind plane

© Parallel to Xy * Parallelto ¥Z  Parallelto 24  Other

Fotation araund 2 |0 Rotation araundmes |0

Z coordinata [0 Talerance [1.0E-05

L 2 100806 003

Largest conductar facet size |0

™ Display field cantaurs an conductor surfaces

Select using list of labels

& Suraces ¢ Elements © Add layer

Nurnber of [ayers |1
Make Selection | Select and Refresh I Quit |

2

Click on Select and Refresh.

Motor
Performance

The picture displayed will show a cut-away of the model. Cut planes at other
angles can be specified athough the cut will not divide facets, so the result may
have jagged edges.

If fields on a plane are required, a better option isto use the Cartesian Patch

icon: E or

Fields |
Fields on a cartesian patch

Try the previous section using JMOD instead of BMOD. You should find that there
isno induced current. Thisis correct behaviour as thisistheinitia state with no
eddy currents.

Try going back to the beginning of the post processing section, (“ OPERA-3d Post
Processor” on page 11-15), selecting Case 2 (5 degrees) and following the same
procedure. Thistime there should be some eddy currents apparent on the surface.
Fields and currents for other cases may also be examined.

Itisuseful to have alook at the radial flux in the air gap of the machine so that we
can see how the motor or generator is performing. This is a 3-phase, 3000 rpm

OPERA-3d User Guide
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generator running at 50 Hz. For each complete rotation of the rotor, one cycle of
ac should be generated. L oad Case 1 (0 degree position).

Select Fields | Fill inthe dialog box as shown and click on ok

on a circle Field on a circle E3

icon:

— Coordinatesz ...

{:} | HadiU$|1-35 Starting anale I 0 Final anale I 360

Local £ coordinate I a Mumber of steps I 300
Cancel_|

Select Plot Plot graph of field values E3 odf /f\/ﬁ\/\ [\
Graph of VA
field 1 Drata: ou” \
: 1eld values ’7(7 Intermal buffer " External table file N Jo b ‘ V/L
icon _ st [
1 Table fi = e "
" VA
Graph component | (b ssby ™y /san(<2+y°2) [ [ (R S— \f MY
— Mew graph? " : :
% new axes  mew line on old axes

— Companent limits

Minimum I * M axinum |

Line fitle |

— Coordinate walues:
% shaw local coordinates " show global coordinates

r— Ordinate of graph: !
% point number ¢ distance along line | Offset EIiStf'”celD

— Print walues to .
" oreen ¢ Opera3d_Post_nnlp © both € neither

Concel_|

The component specified is the radia flux density. In 3D, the software has the
normal vector to asurface specified asthe system variables, NX, NY and NZ. This
cannot be used in this case aswe arelooking at fields on alinewherein 3D, there
are an infinite number of normals to each point on theline.

The above expression is equivalent to BX*cos(8) + BY*cos(6) where 0 is the
angle from the point on the circle to the local x axis.

]
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The graph correctly shows one ac cycle. The ‘spikes' on the graph are due to the
stator slotting.

Load in Case 4 (90 degrees) and repeat the above process. .
Select Fields | Fill inthe dialog box as shown and click on ok
on a clrcle
icon:

=l

— Coordinatesz ...

Radius I 1.36 Starting anale I 0 Final angle I 360

Local 2 coordinate I 0 Mumber of steps I 300

Cancel |

Select Plot
Graph of
field values
icon

B

Plot graph of field values [ x|

Drata:
’7(7 Intermal buffer

" Euxternal table file

Table fis =
Graph component I (b by sgrx=2+y=2) j
— Mew graph?

% new anes  new line on old axes

— Companent limits

Minimum I *

M axinum |

Line fitle |

— Coordinate walues:
& show local coordinates

" show global coordinates

r— Ordinate of graph:

& point number ¢ distance along line

[Iffzet distance I 0

— Print walues to .

" screen (% Opera3d_Post_nnlp © baoth

' ngither

Cancel |

0
M (B YYSORTH24™2), Itegral = 0 0477475537

008 f
1
i)

13 04BN B 11053 D4mEe
o0 TomiEsE  07wEOR  N7WEM a4
o0

135
BAIGER
0o

The graph still shows one cycle of ac but this time the plot is phase shifted by 90

degrees.
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Chapter 12
A Space Charge Example

| ntroduction

In this example we will consider a high-voltage electron gun with a curved emit-
ting surface. A cross-sectional view along the length of the gunisshownin Figure
12.1. The features demonstrated in this example include: exploiting symmetry,
guadratic extrusions, point editing, and the creation of emit files.

The device is modelled using hexahedral el ements. Thisis not essential but tight
control of the mesh close to the emitter isimportant for accurate results.

Mesh 1 Logical mesh plane 1

60.0[—

50.0[—

40.0[—

30.0[—

20.0
10.0

0

I I I I I I
0.0 10.0 30.0 50.0 70.0 90.0 110.0 130.0 150.0
u

U=Xv=Y w=z

02/Sep/1999 14:05:09 Page 9

Figure12.1 Thelongitudinal crosssection of thegun. Theelectronsareemitted from
the curved surfaceon theleft, and travel toward theright under theinfluence of the
fields created by the focusing electrodes.
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Pre Processing, Constructing the M odel

The Baseplane

We will first draw a 2-dimensional section which can then be extruded in athird
direction to create the full 3-dimensional structure. In order to conserve time and
computational resourcesit isaways preferable, whenever possible, to exploit any
symmetries present in amodel. This particular geometry has afour-fold symme-
try which we will take advantage of. The symmetry operations can always be
restored later during post processing if desired.

Defining the We will choose the z direction as the extrusion direction and our baseplane will
Baseplane Points  bethe cross section shown in Figure 12.1. After launching the pre processor from
the OPERA console window, select:

DEFINE |
Define new mesh — Finite element mesh — XY plane,
extrude in Z
and set:
W coordinate of plane= 0

We are then asked to specify an initial size for the display:

Minimum on horizontal axis = 0
Maximum on horizontal axis = 150
Minimum on vertical axis = 0
Maximum on vertical axis = 75
focept |

and Accept.
Select Point Input.

The points for the baseplane facets can be entered by specifying their coordinates
using: Give U, V, W.

Thelist of coordinates that should be specified is:

(0, 0, 0), (5,0,0), (25,0, 0), (50, 0, 0),
(60, 0, 0), (80, 0, 0), (100,0,0), (150, 0, 0),
(.797,12.6,0), (5.797,12.6,0), (0, 25,0), (3.17542, 25, 0),

|
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(8.17542, 25,0), (25, 25, 0), (50,25,0), (60, 25,0),
(80, 25, 0), (100, 25, 0), (150, 25,0), (0, 27, 0),
(317542, 27,0), (8.17542,27,0), (10,33,0),  (25,33,0),
(50, 33, 0), (60, 35, 0), (80,35,0),  (0,43,0),
(25, 43, 0), (50, 43, 0), (0, 75, 0), (25, 75, 0),
(50, 75, 0), (60, 75, 0), (80, 75, 0).

The points can also be defined using Construction lines, but that will beleft as
an exercise for the interested reader. Close the Point definition menu with

Return.
Defining the The facets can now be drawn by clicking on Facet Input and drawing the facets
Baseplane shownin Figure 12.1. Note that the baseplane contains only 3- and 4-sided facets.
Facets The fastest way of defining the 4-sided facets is to use the option auto-close

after 4. Remember to use the F1 key to hide and restore the menus. Having
defined all facets, closethe Facet Definition menu with Return.

Defining the We now move to the subdivision definition menu by choosing Subdivision, and
Baseplane set the subdivision by selecting Set subdivision, then complete the parameter
Subdivisions box as shown:

Subdivision

O . O » O s
O 4 O s O s

O - O s O o
Other ‘ 10 ‘

‘ Accept ‘

and Accept. By selecting Apply to line we can apply the subdivision by clicking
just inside the edges at (150, 10) and (125, 0).

]
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Similarly, Set subdivision

Subdivision

O . O » O s
O 4 O s O s
O + H O -

Other ’

‘ Accept ‘

Accept followed by Apply to line, and click near the edges at (15, 0), (40, 0),
(15, 35), (0, 60) and (60, 60).

Then set subdivision

Subdivision

O . O 2 O s
O 4 O s I3
O ~ O s O ¢

Other ’

] Accept ‘

followed by Accept, and then Apply to line, and click just near the edgesat (2.5,
0), (70, 0), (90, 0), (90, 30) and (10, 43). Then Set subdivision

Subdivision

O . O 2 H
O 4 O s O 6
O ~ O s O ¢

Other ‘ ‘

] Accept ‘

|
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Accept followed by Apply to line, and click near the edgesat (55, 0), (25, 27),
(60, 30), (5, 30) and (8, 30). Finally set subdivision

Subdivision

O . O » O s
[ O s O s
O + O s O o

Other ‘

‘ Accept ‘

Accept followed by Apply to line, and click near the edgesat (1.5, 25) and (1.5,
27). If the subdivisions have been set correctly, the baseplane should appear as
shownin Figure 12.2.

Mesh 1 Logical mesh plane 1

vvvvvvvvvvvvvvvvv

o
o
%v
KKK

N S S S VA

20.0

10.0;

KA K AHHKAK KKK RN
KKK

) I

N N N3 N
O'W T RRRE Y T AN T A T o K160 & 360" * Fis
U

o
o

02/Sep/1999 13:58:56 Page 8_|

V- OPERA-3d

Pre-processor 7.092

Figure 12.2 The subdivision definitionsin the baseplane.

Close the subdivisions menu by selecting the option Check for Hex meshing,
which confirmsthat the model is suitable for hexahedral elementsto be generated.

]
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Defining the
Extrusions
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Chapter 12 - A Space Charge Example

Creating the 3D Model

Now that the baseplane is complete, the three-dimensional model can be created.
In this example the el ectrodes have a square cross section when viewed along the
x-axis. The mesh will be created by rotating the base plane about the x-axis, and
scaling the dimensionsto create the required square cross section. Thiscan be eas-
ily achieved by generating an extrusion of the baseplane onto theplaneY =Z, cre-
ating the first layer of the mesh which is a 45° wedge.

The first layer is created by selecting Extrude and then Linear Extrusion and
completing the dialog box as shown:

Extrusion Definition

Coordinate ‘ 0 ‘
O clobal M Relative

Number of Elements 10

‘ Accept ‘

and Accept.

This creates a second plane, coincident with the baseplane and generates the first
layer of the mesh consisting of a set of regions that join the faces of the two
planes.

The regions have zero volume, the points on the second plane need to be moved
so that they lie on the plane Y = Z. Individual points could be selected now in
order to redefine their positions, however if no points are selected any transfor-
mationswill be applied to al points. Transform all the points by selecting Trans-
form Points, then Cartesian Coordinates and completing the dialog box as
follows:

Expression for U = U

Expression for V = v

Expression for W = v
Accept ‘ ‘ Dismiss

Accept then Return to complete the transformations. The 45° wedge layer has
now been created, select Finish Editing to move on to the material specifica-
tion.
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At this stage it is not necessary to define materials and boundary conditions.
Select Finish from the materials menu, and from the next three menus for bound-
ary conditions. This leaves the screen at the first level Data Definition menu.

A second extrusion can now be defined, select:

DEFINE |
Extend existing mesh — Extend with editing

Mesh number = 1

After accepting, we select ZX plane, extrude in Y andthenLinear extrusion
and complete the dialog box as shown:

Extrusion Definition

Coordinate ‘ 0 ‘

O ciobal B Rrelative

Number of Elements 10

‘ Accept ‘

and Accept. A third plane of pointsis created and a second extrusion layer with
regions joining the faces on planes two and three. The points on the plane now
need to be projected onto the Y =0 plane. As before select Transform Points —
Cartesian Coordinates, and complete the dialog box:

Expression for U = U

Expression for V = v

Expression for W = 0
Accept ‘ ‘ Dismiss

and Accept. Select Return and Finish Editing. Then select Finish from the
materials and boundary condition menus, followed by Return from the Extend
existing mesh menu. Also closetheData Definition menu with Return.

Defining In this model all regions are air and should be assigned total scalar potential, and
Materials and linear elements. Thisis the default setting, so no modifications are necessary.
Potential Types
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Defining the
Boundary
Conditions

Chapter 12 - A Space Charge Example

Since we are exploiting symmetry in this model we must apply appropriate
boundary conditions at the symmetry planes. We also must specify the potentials
on the focusing electrodes. Both symmetry planes (the xy and zx planes) require
TANGENTIAL ELECTRIC boundary conditions. To do this we select

MODIFY |
Boundary conditions — Base plane — All external facets

and compete the dialog box:

Global Boundary Condition Definition
Condition name:
O Magnetic Scalar O Normal Magnetic O Tangential Magnetic
O Voltage O Normal Electric B Tangential Electric
O total ax O total ay O Total Az
O 1ncident ax O 1ncident Ay O 1ncident Az
O 1ncident Voltage O perfect conductor O radiation
[J Normal Derivative [ Mixed Derivative
O Symmetry O Slip Surface O clear
Value ‘ ‘ Label/2nd value ‘ ‘
‘ Accept ‘ ‘ Help ‘ ‘ Quit ‘

OPERA-3d User Guide

followed by Accept and Finish. To set the voltages on the electrodes select

MODIFY |
Boundary conditions — Extrusion facets

Layer number = 1

Accept Dismiss

Accept, and then, to restore the display to the original view, select Change view
and select XY plane, extrude in Z andAccept. Now chooseSelect/de-select
facet, and then click on al the edges shown in Figure 12.3 that are marked by a
heavy line (these lines show the intersection of the extrusion layer with the view-
ing plane).

Now choose Select and define, select the edge at (10, 43), and then complete

the parameter box as shown
followed by Accept.
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Mesh 1 Logical mesh plane 1

70.0—

60.0—

50.0—

40.0—

30.0—

20.0

10.0

|
%80 10,0

I I I
30.0 50.0 70.0 90.0

U=X V=Y W=Z

I I
110.0 130.0 150.0

VF OPERA-3d
Pre-p:

rocessor 7.092

Figure12.3 Theextrusion facets which need to be assigned zer o potential.

Condition name:

O Magnetic Scalar
B voltage

O Total ax

O 1ncident ax

O 1ncident Voltage
O Normal Derivative

O Symmetry

Boundary Conditions

Normal Magnetic
Normal Electric
Total Ay

Incident Ay
Perfect Conductor

Mixed Derivative

OO0O0O0O00a0

Slip Surface

Value ‘ 0

From 1

Other volumes and layers:

To

Accept \ ]

‘ Label/2nd value ‘ ‘

O Tangential Magnetic
O Tangential Electric
O Total az

O 1ncident Az

[ radiation

O Clear

O a11 facets

Keep ‘ ’ Help

|

Quit ‘

Next choose Select/de-select facet, and then click on all the edges shown in

Figure 12.4 that are marked by a heavy line.

Now choose Select and define, select the edge at (60, 60), and then complete

the parameter box as shown

followed by Accept.

Version 8.5
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Mesh 1 Logical mesh plane 1

70.0[—

60.0[—

50.0[—

40.0—

I I I I I I
%80 100 30.0 50.0 70.0 90.0 110.0 130.0 150.0
u

V- OPERA-3d

Pre-processor 7.002

Figure12.4 Theextrusion facetswhich need to be assigned a potential of 10kV.

Boundary Conditions

Condition name:
O Magnetic Scalar O Normal Magnetic O Tangential Magnetic
B voltage O Normal Electric O Tangential Electric
O total ax O total ay O Total Az
O 1ncident ax O 1ncident Ay O 1ncident Az
[0 1ncident Voltage [ perfect Conductor [0 radiation
O Normal perivative [ Mixed Derivative
O Symmetry O Slip Surface O clear
Value ‘ 10e3 ‘ Label/2nd value ‘ ‘
Other volumes and layers:
From 1 To * O a11 facets

Accept ‘ ’ Keep ‘ ’ Help ‘ ‘ Quit ‘

Finally, choose Select/de-select facet, and then click on all the edges shown
in Figure 12.5 that are marked by a heavy line

Then choose Select and define, select the edge at (125, 25), and then complete

the parameter box as shown
followed by Accept.

|
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Mesh 1 Logical mesh plane 1

70.0—

60.0[—

50.0[—

40.0—

L L L L L L
0'8.0 10.0 30.0 50.0 70.0 90.0 110.0 130.0 150.0
u
U=XV=Y W=z
(e e Page 0]
V- OPERA-3d

Pre-processor 7.002

Figure12.5 Theextrusion facetswhich need to be assigned a potential of 20kV.

Boundary Conditions

Condition name:
O Magnetic Scalar O Normal Magnetic O Tangential Magnetic
B voltage O Normal Electric O Tangential Electric
O total ax O total ay O Total Az
O 1ncident ax O 1ncident Ay O 1ncident Az
[0 1ncident Voltage [ perfect Conductor [0 radiation
O Normal perivative [ Mixed Derivative
O Symmetry O Slip Surface O clear
Value ‘ 20e3 ‘ Label/2nd value ‘ ‘
Other volumes and layers:
From 1 To * O a11 facets

Accept ‘ ’ Keep ‘ ’ Help ‘ ‘ Quit ‘

Creating the Mesh and Displaying the M odel
We can now create the finite element mesh in preparation for creating an analysis
database. We will create a hexahedral mesh by choosing

MESH |
Surface mesh ...
...quadrilaterals

|
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click on Continue to clear the message box, then pick on

MESH |
Volume mesh ...
Mesh

and hit Continue again.

To display athree-dimensional view of the model select

DISPLAY |
Display Command...
...View

and complete the parameter box:

Display View
[ 75 |
Eye position:

Size

x| -1 RAE | z [ -1
Centre of picture:

X | 50 | Y| 50 |z |o
Rotate picture ‘ 0 ‘

B New picture O 244 to picture

B parallel view O Perspective view

B show Axes O No axes

Refresh Display ’ | Accept ‘ ‘ Quit

followed by Accept. Then select

OPERA-3d User Guide
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DISPLAY |
Display Command...
...style

Display Style

Line view
Surface view

Full surface algorithm

No Elements
Surface Elements

Volume Elements

Vectors. ..
. no vectors
. in conductors only
. material orientation
. current density

. velocity

~O000O0OO00Ow00 m [

Refresh display

Return

T

and Return, followed by:

DISPLAY |
Display Command...
...8elect parts — Volume labels

and select ALL from the list followed by Accept, Refresh display, and then
Return twice.

The resulting display is shown in Figure 12.6.

We can also check that the proper voltages have been assigned by selecting

DISPLAY |
Display Command...
...8elect parts — Facet labels

and choosing Voltage from the list, Accept and Refresh display, giving the
display shown in Figure 12.7.

]
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| 12-14

7100.0

V- OPERA-3d

Pre-processor 7.002

|Y-40.0

Figure12.6 A 3D view of the model and finite element mesh.

Y160.0

Voltage
0.0

V- OPERA-3d

=3
o
S
=]
-

Pre-processor 7.002

N> 4

Figure 12.7 Theassigned potentials on the electrode surfaces.

Creating the SCALA Database File

In order to perform a space charge analysis on this model we must first create a

database file by selecting

January 2002
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Version 8.5

FILE |
Create new database — Space charge beam (SCALA)

New Analysis Database File

File ‘ egun ‘ ‘ 1 ‘
Units: Element type:
O ces B Linear
O s (metres) O Quadratic
B sI (mm) O mixed
O st (microns)
O 1nches

‘ Accept ‘ ‘ Quit

and Accept.

A box appears prompting us for a Problem Title. Any desired text can be entered
followed by asingle * onitsown line.

Clear the message box by clicking Continue.

The SCALA data menu now appears

SCALA

Materials

Periodicity conditions
External fields
Scalaiteration data

VRIS

Check data *

T

Return

Asall regionsin the model are air, no Materials will have to be defined.

Parameters that control the SCALA calculation can be set. Select SCALA Itera-
tion Data and set the under-relaxation factor to 0. 2 (default is 1.0). This param-
eter often needs to be adjusted to obtain reliable convergence with SCALA. If the
relaxation parameter istoo large the current in the beam will oscillate. Accept and
select Return to complete the database.

We now want to write out a pre processor file which will contain our model as
well as the analysis options we have chosen. To do this select

|
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FILE |
Write pre-processor file

File Selection Box
Filter
* .oppre
Filesin: current path Subdirectories

Selected file
‘ egun.oppre ‘
Selected directory

‘ Accept ‘ ’ Filter ‘ ‘ CD ‘ ‘ Dismiss ‘

and Accept. Click on Continue to clear the message box and then End OPERA-3d/
Pre to exit the pre processor.

Creating the Emitter File

The emitter file defines the sources of charged particles to be used in the model.
The type of emission expected for each source must be defined and the geometry
of the emission surface must be given. The file should have the same name as the
database file created in the previous pages, but with a .emit extension.

Themost reliableresultswill be obtained if the emitter surfaces exactly match the
meshed surfaces of the model. The emitter file allows each emitter to be modelled
asaset of surface panels: match these to the mesh, with the same subdivision used
for the surfaces modelling the geometry.

This exampl e uses athermionic cathode asthe emitter, solving Child’s Law to cal-
culate the emission current density. With this type of emission the Normal sam-
pling distance iSan important parameter. It is set to 0.4cm in this example. It
should be small compared to the feature sizes and curvature of the emitter.

0 1 0 1

1 0.2 0.001 0.4

2 1975 4.0 120.0

1.0 -1

1 1 0.25

2 0.01 0.0 0.0 0.0 0.0 0.0
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2

10 10

0.0 0.0 0.0
.318 2.5 0
.318 2.5 2.5
0.0 0.0 0.0
0.08 1.26 0.0
0.318 2.5 1.25
0.08 1.26 1.26
0.0 0.0 0.0
2

10 10

0.0 0.0 0.0
318 2.5 2.5
.318 0.0 2.5
0.0 0.0 0.0
0.08 1.26 1.26
0.318 1.25 2.5
0.08 0.0 1.26
0.0 0.0 0.0

The pre processor data file (.oppre) and the emitter file shown above (.emit) are
provided with the OPERA installation (see the sub-folder Examples/3D).

]
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Running the SCALA Simulation

UNIX Operating Systems

From within the OPERA-3d environment select the SCALA option

Option:
scala

and from the following prompt:.—

Please give SCALA database filename (without the .0OP3 suffix)
egun

and choose that the analysisis carried out immediately:

Do you want to run the analysis now or later? (n or 1)
n

The analysis then proceeds automatically.

Windows Systems

Choose interactive solution under the OPERA-3d menu in the OPERA Console.
Select scara from the list of solvers and then browse to where the egun.op3 file
was saved and select it. The analysis module will then proceed with the calcula-
tions.

SCALA will run for 21 iterations, with the current converging to a current of
0.181 Amps (thisisonly the current in the section of the model that was meshed).

Closethe sCALA Analysis window when the calculation has completed.

|
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L oading and Displayingthe M odel in the Post Pr ocessor

The solution file is read into the post processor and displayed. In order to see all
of the materials, including the air regions, all of the materials are selected for dis-

play.

Fiotational symmetry |1

i Local Coordinate System

Origin

Y0

L |

‘  LocalXvZ = Global X2 © Local V2 = Global Y2+ ¢ Local }YZ = Global Z4r ¢ Other

Evler angl
( Theta [0

P[0

psif0 ‘

Cancel

Sd ect the Op en Activate and Load
i con Databaze mel Wy work Folderegun.op3 jJ
Simulation rumber [1
s
(==  Rflaction
%1 Plan 72 Plane 2 Plan T
& None & More & Naone \,\
e Fields = 0 V2 Figlds = 0 © ZaFields =0 RS ST
€ ZFields=0 € ®Fields=0 € ¥ Fields=0 o T L
™

'V VECTOR FIELDS

Select the
Select icon

Lo

Click ontheMaterials tree entry and then use
theAdd to selection button to sdect al
materials.

Select labels ISaIecl options I

Farm list of labels

Labels | State |

Bl Surfaces ‘

B Volumes Add bo selection | Pt
Fiernaye fram seleotion 0 ‘M

e
er Labels

Clear selection B 4
Diefault selection | \ 34
i

\ VE VECTOR FIELDS

Select using list of label:

Humben of lapers | 1
Select and Refresh I it |

Pushing the Select and Refresh button
selects the desired objects and updates the dis-

play.

@ Surfaces © Elements © Add layer

Make Selection |

A
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Select the 34 Now the surface of the model can be displayed
displayicon | showing the voltages.

(2]

3d Display [ |

= Material colaurs {* Component contours

Field component I ¥ j

— Companent limits

Minimum I " M agimum | *

™ Field vectors
— Wector components:
w]% v zfz

— Wiew p b \ VF VECTOR FIELDS

— Centre of picture
®|75 MEE z|375

— Rotation around axes
w62 )12 z|z

Sige 1125

V' Perspective view

Coreel_ |

|
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Displaying the Particle Tracks and Beam Cross Section

Now the model will be redisplayed showing only the VOLTAGE surfaces so that
the particle trajectories can be seen more easily.

Select the Click ontheMaterials tree entry and then use
Select icon the Remove from selection button to de-
E select all materials. Then click on the VOLTAGE

tree entry under Surfaces and usethe add to
selection button to add all VOLTAGE bounda-
riesto the display.

Select labels ISaleclupt\Uns |

Labels | State - Form list of labels

Bl Surfaces Some selected
B Boundary Conditions  Some selscted Add to selection
Remave from selection |

Selected
Clear selection
: __Ceacsion | N
Element Types Default selection L uuuuuuu \

[ Materials
- Prtential Tunes Jid| V& VECTOR FIELDS

Select using list of labels

Mumber of layers I1
ake Selection | Select and Refresh I it |

Pushing the Select and Refresh button
selects the desired objects and updates the dis-

play.

Trajectories — Display particle trajectories

i Sufaces © Elements € &dd layer

A

From the Trajectories menu the TRACK file
can be selected for display.
Track f.\My Work Foldertegun_1 tracks jJ DR
’V‘ € Single colour & Different colour for each frajectory € Colowr function | Colour function | 2
™ Display all symmetries ™ Frint values to Opera3d_Post_nn.lp
o |
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Trajectories — Display particle trajectories

Changing the Colour options to be Colour
function and typing in TOF in the Colour
function box changestrack colours to show
time of flight from the emitter.

Particle trajectories [<]

Track fil- My Work Folderiagun_1iracks jJ

Colout op
’V‘ " Single colou ~ Different colour for each tiajectory % Colour function | Colou function| TOF -

I Display all symmetries:

™ Print values to Dpera3d_Post_nn.lp

T s sssore 009

Graph of
Trajectories

If the model isloaded in with all reflections active then the tracks display will be
seeninall thereflectionsaswell. Inthis model the reflections can be activated by
adding in the reflectionsin the XY and ZX plane when opening the file.

There are other functions availablefor processing the particletrgectories. In addi-
tion to displaying the trajectories on the 3d model, they can also be plotted on 2d

graphs.

Trajectories — Graph trajectories

From the Trajectories menu the TRACK file
can be selected for display on a 2d graph show-
ing the time of flight against linear distance.

Graph trajectories
v‘ewd.spmq My Work Falderhequn_1 iacks j J
— Colour opt

€ Single colow  Diffser colou for ech trsactory & Colour funcion | Colow unction[TOF —~]
— Graph op
‘ (e e C RwZ & Other graph ‘

Piojection variable [ Mirimum value [~ Masimum value [

Graph function | TOF

Minimum value [* Masimum value |

‘ & Solid fines

' Symbols ‘
™ Piint values to Operadd_Post_nnlp

x

09
VECTOR FIELDS
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Trajectory
| ntersections

12-23

Intersections of the trajectories with a surface can also be plotted.

For this example define a4 point cartesian patch at X=150, extending fromY = -
10to +10, Z =-10to +10 with number of points set to 16 in both directions.

icon

=

SelecttheOpen

Firstly the complete model isloaded inwith all
reflections included.

Activate and Load [ ]
Deatahase file..\My Work Folder\egun. op3 jJ
Simulation rumber [ 1
- Reflection;

5 Plans Z Plarm 2 Plane
" MNone ' Nons " None
X+ Fields = 0  +Z Fields =0 " Z+XFiglds =0
& ZFields=0 € XFields =0 & ¥ Fields=0
Fiotational symmetiy | 1
- Local Coordinate Spstem
Origin
’7x|ﬂ v[o z[o ‘
‘ & LocalivZ = Global ¥vZ  Local)vZ = Global Y2X  Local X2 = GlobalZ4r © Other
Eulerangles
(Thelalﬂ Fh\ID FslID ‘
Earce

Select the
Default
select and

[ H

refresh icon

The model can now be centred using the Ini-
tial viewicon

=z
0

VF VECTOR FIELDS
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Select the
Fields on a
cartesian
patchicon

2]

A surface for the intersections has to be
defined first.

Field on a cartesian patch B

On =Y plane | On%Z plane I On 2« plane I Any direction I

First comer ...

|10 z[10
Oppozite cormer....

|10 z|1o
YZ plane ...

 coordinate I 150

Sides 1 and 3 in'Y direction
Sides 2 and 4 in £ direction

" MHumber of points ...

on sides 1 and 3|15 on sidesZand4|15
E valuate fields | Evaluate and Map I Cancel |

Pressing the Evaluate fields button creates
the field map over the defined patch which is
then used to find the intersections.

Trajectories — Current density map

Setting the FFT Sample size controlsthe
smoothnessof theplot. SelectingDisplay all
symmetries show theintersectionsfromall the
tracks within the complete model.

Track fil |- My Work Folder'equn_1.tiacks jJ
Sample size I 3
[V Display all symmatiiss I~ Piint values to Opera3d_Post_nnlp

Caloulate values | Calculats and display map | Calculate and display histogram | uit |

Pressing the Calculate and display histo-
gram button displaysahistogram of the current
intersecting the cartesian patch over the top of
the model.

\
" VEVECTOR FIELDS
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Chapter 13
A Cavity Example Using SOPRANO

| ntroduction

The models

Simple examples of acircular cavity and circular waveguide are described in this
chapter. The model of the cavity consists of three layers. An entry port in layer 1
leads into the main cavity in layer 2, and thereis an exit port in layer 3. The entry
port has aradius of 50 mm, the main cavity has aradius of 250 mm, and the exit
port has aradius of 50 mm again, see Figure 13.1.

Y22

AT
) ol
R

Figure13.1 Mesh of thecircular cavity in the pre processor
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The thickness of the three layersis 100 mm each, so the model has atotal length
of 300 mm, see Figure 13.2.

Figure 13.2 The cavity with entry port, main cavity and exit port

Only the inner volume of the cavity has been modeled with AIR VECTOR. The
walls of the cavity have not been modelled with elements; on the outer walls the
boundary condition PEC (perfect electric conductor) has been set. The model is
excited with a functional potential boundary condition on the baseplane. At the
exit port on the top plane a radiation boundary condition is applied to alow all
energy to leave the problem. It should be noted that there is no air surrounding the
cavity.

In order to save computer resources in terms of elements and equations, the two
ringsinlayer 1 andinlayer 3 have been “nulled out”. Figure 13.3 showsthe mate-
rial propertiesinlayer 1. Volumeswith the label NULL are omitted from the final
mesh.

Although the cavity has got arotational symmetry, all 360° have been modelled.
This alows the calculation of al eigenvalues without further thinking about
modes and boundary conditions.

The mesh of the cavity intentionally has been defined quite coarsely in order to
speed up the calculations and obtain afirst solution. The mesh should be refined
for more accurate results, and particularly for the calculation of higher modes.

Figure 13.4 shows the facets on the baseplane which have actually been drawn to
define the baseplane. All other facets have been created with the copy/mirror

|
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I I I
280.0 320.0 360.0

Figure 13.3 Theouter ringin layer 1 hasbeen “nulled out”

commands in group operations. It is important that in OPERA-3d a facet should
have a maximum angle of 45° in order to model a circle with good accuracy.

2000~
1800
Vi60.0
1400
1200

100.0

L I
360.0

L I L I
.0 40.0 80.0 120.0 160.0 200.0 240.0 280.0 320.0
u

U=x v=Y W=2

Figure 13.4 Facetson the baseplane needed to set up the cavity

Along the central z-axis of the cavity there are square elementsto ensure aregular
mesh. This is aso important to achieve a good accuracy in the region of most

interest.

Version 8.5
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Running the Eigenvalue Solver

In afirst step the eigenvalues (or eigenfrequencies) are calculated. The lowest
eigenfrequency is often of most interest. In a second step the circular guide feed-
ing the cavity can be analysed with the steady-state solver.

The pre processor data file (.oppre) is provided within the OPERA installation
(see the sub-folder Examples/3D). Any functiona potential boundary conditions
or radiation boundary conditions are ignored for the SOPRANO-EV anadysis.
These conditions are not relevant to the eigenval ue solver, and so the program will
apply the natural boundary condition on these surfaces, which is TANGENTIAL
ELECTRIC. All other surfaces of the model have the PEC condition, which is
equivalent to NORMAL ELECTRIC.

In literature we can find an equation for thefirst (lowest) eigenfrequency of acir-
cular cavity:

3
_ 2405-C _ 2.405-3x10° _ 8
f= S0 = S22 = 450x10° (13.1)

Expecting the first (lowest) eigenfrequency in the region of 500 MHz, the
SOPRANO-EV solver can be set up.

To run the analysis, use the data (.oppre) file provided. Create the surface (quad-
rilateral) and the volume meshes, and then create a new database. Set the number
of eigenvalues to search for to be 10, and the range to be 500 to 1000 MHz. The
analysis can be run from the pre processor.

The program searches for eigenfrequencies starting from the centre of a given
range. However, the eigenfrequencies found are not strictly confined to the range.
For example the cavity discussed here gives the following results:

Requesting Frequencies in Range [500.00 ,1000.0 1 (Mhz)
Opening database circ_cavity evl.op3

Eigen-Frequency 1 = 468.29 (Mhz)

Eigen-Frequency 2 = 728 .43 (Mhz)

Eigen-Frequency 3 = 994.70 (Mhz)

Eigen-Frequency 4 = 994 .72 (Mhz)

Eigen-Frequency 5 = 1093.6 (Mhz)

The solver can only calculate alimited number of eigenfrequenciesin one calcu-
lation. In this case it has found 5 eigenfrequencies. It also has reported the first
eigenfrequency of 468.29 MHz, which is near to the expected value, but actually
dlightly outside the given range. The higher frequency computed by SOPRANO-
EV results from the entry and exit pipesin the circular cavity.

|
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Run the analysis again, thistime with afrequency range 1000 MHz to 1500 MHz.
The following eigenvalues will be found:

Requesting Frequencies in Range [1000.0 ,1500.0 1 (Mhz)
Opening database circ_cavity ev2.op3

Eigen-Frequency 1 = 1093.6 (Mhz)

Eigen-Frequency 2 = 1249.0 (Mhz)

Eigen-Frequency 3 = 1249.0 (Mhz)

Eigen-Frequency 4 = 1335.1 (Mhz)

Eigen-Frequency 5 = 1430.8 (Mhz)

It can be seen that one eigenfrequency is found in both ranges. This makes sure
that no frequency has been omitted. Figure 13.5 shows the magnitude of the elec-
tric field distribution for the 9 eigenfrequencies listed above. Some of the eigen-
frequencies are essentially duplicated, with the same mode excited but rotated in
the model by ahalf period. Thisresults from the discretisation of the circular cav-

ity.
Lossesin the Although thewall of the cavity has not been modelled with elements, it ispossible
wall to calculate the losses in the wall. The following .comi file helps to define the

parameters which are necessary (this is also available in the installation sub-
folder Examples/3D). After having run the .comi file, the lossesin the wall can be
displayed with coMP = #LOSS. Figure 13.6 then shows the losses on the sur-
face.

/ Set SI units

unit len=metr, flux=tesl,fiel=am,elec=vm, s=amp, v=wbm,

co=sm, cu=am2,p=watt, fo=newt, ener=joul

/

/ Select the PEC (metallic) surfaces

select action=remove label=all surfaces

select action=add label=pec

select action=select option=surfaces cut=no

/

/ Define variables for abs(Hxn))**2, omega,

/ conductivity (for copper say 5e7 S/m), etc.

/

Spara #hxnm (nz*hy-ny*hz) **2+ (nx*hz-nz*hx) **2+ (ny*hx-nx*hy) **2
Spara #omeg 2*pi*freq

Scons #cond 5e7

$para #fact sqgrt (#omeg*mu0/2/#cond)

Spara #loss #fact*#hxnm

/================= End of LOSS.COMI ===========================

]
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Figure 13.5 The 9 eigenfrequencies/ modes found in the cavity
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f5=1093.6 MHz f6 = 1294.0 MHz

f7=1294.0 MHz f8 = 1335.1 MHz

f9=1430.8 MHz
Figure 13.5 The9 eigenfrequencies/ modesfound in the cavity (continued)

|
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ttLD%EHSSE;F"E 007

2.822728E-023

Figure 13.6 Power lossesin thewall of the cavity for f3 =995 MHz
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Running the Waveguide Analysis

Rather than SOPRANO-EV, which can find solutions only for the resonant fre-
guencies, SOPRANO-SS calculates the field for any given frequency. However
the model has to be excited with a particular driving function.

Thecircular cavity model is modified to produce a circular waveguide by making
the regions of the cavity model at radius greater than 50 mm asa NULL material.
A PEC boundary conditionis applied to all the boundary at 50 mm. The problem
isdriven by acircular TMy; mode defined by the vector potential

AX X*COS (#R/44) keep
AY Y*COS (#R/44))

on the input port on the baseplane.

The model can be found in the installation sub-folder Examples/3D. The param-
eter #R has been previously defined in the first lines of the .oppre file before the
DEFINE command starts:

SPARA #R SQRT (X*X+Y*Y)

Create the surface (quadrilateral) and volume mesh, and create a new database.
The cutoff frequency for this mode in the guide is about 2.3 GHz, so the praoblem
is excited at 2.5 GHz to ensure propagation. Run the analysis from the pre proc-
essor. View the resultsin the post processor. As an example, Figure 13.7 is shows
the real part of the X-component of the electric field at this frequency.

Ex
A5003E+011

l—1 450110E+011

Figure 13.7 Circular waveguide excited at 2.5 GHz.
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The propagation in the guide and the effect of the RADIATION boundary condi-
tion can be seen by examining the electric field on aline along the guide. Figure
13.8 shows the real and imaginary parts of the components of the electric field
along theline (20,10,0) to (20,10,300). Note the use of the system variablesREX,
IEX etc. to denote the real and imaginary parts.

1.2E+12
1.0E+12
G.0E+1

B.OE+11

4.0E+1

2Z0E+1—

0.0 —= =
20E+1 i
ADEATE T
BOEH1 [~
BOEH1 -

LOEHZ [~

S2EHZ = 1 1 1 i ]

Local X coord 200 200 200 200 200 200
Local ¥ coord 10.0 10.0 10.0 10.0 10.0 10.0
Local 7 coord 0.0 60.0 120.0 180.0 2400 300.0

Component: |EZ, Integral = -4.041932521E+12
— — Cormponent: [EY, Integral = 2.9921521973E+12
Cornponent: |EX, Integral = 6.2222524891E+12

_._. Component: REZ, Integral = 1.0804006783E+13 F VECTOR FIELDS

Figure 13.8 Electric field along waveguide

For higher frequencies and shorter wavelengths the discretisation of the models
needs to be refined. The effects of this can be seen in the steady state solution
where the real and imaginary parts do not have the same peak values. At some
point the limits of the computer system are reached in terms of nodes and ele-
ments. To overcome this, only half or only a quarter of the cavity or guide can be
modelled.

On the resulting symmetry boundaries appropriate boundary conditions have to
be applied to allow the modes which have been found in the eigenvalue solution.
A printout of the first modes as seen in Figure 13.5 can help to choose the correct
boundary condition. For higher modes the FE-mesh can be reduced even further
to cut down the size of the model.
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